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Man's ability to extract trom a visaal scene the sinple
essence which distinguishes an A from a B or a chair from a
table 1s very much unknown. The ease at which the human
visual system performs such pattern recognition has lead to
the fundamental research in determining how man's brain
performs such a task. Knowing some of the anatomy and the
structure of the brain has not given a clear indication of
the transforms and algorithms used. By providing a means to
probe the visual pathway, where the measuring technique does
not effect the natural response, the researcher might begin
to understand the process which provides pattern recognition.
Improving the techniques used might unlock more of the
secrets hidden in the entire cerebral cortex.

Each small advance in a field of so many unknowns
generates so many more questions to be answered. The
development of a small semiconductor electrode array as a
tool for brain research gives rise to the question of how to
make a system totally implantable for long term
investigation. This research concerns itself with proving
the feasibility of a completely implanted system for data
collection wusing the AFIT 16 by 16 fully multiplexed
electrode array. Once a system is implemented and cortical
information readily available, others can unravel the
transformations and algorithms which will model the visual

system.
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The research conducted 1in  this study develops an

implantable communications (biotelemetry) link for the Air
Force Institute of Technology's implantable, multiplexed,
multieslectrode array used to record electric potentials on
the visual cortex of a mammal. A prototype 1is developed to
test the feasibility of transcutaneous data transfer and
power transfer for a system relaying 100 KXHz of data
bandwidtn. The working system uses a varactor FM modulator,
phase locked loop demodulator, and op amp signal
amplification. Power transfer is made by a single frequency
RF inductlve couple to an implanted rechargable Ni-Cu battery
pack. The implanted system draws 18 milliwatts of power and
the power supply 1s capable of supplying 30 milliamps of
current at 5 volts for a 2 hour period before recharging is
recuired., Details of the design procedures as well as
recommendations for an implantable system realization are

included.

X1




U AT SO T SIS E S S 4 [

tor the e¢loctrode array by supplying power and clocking to
the array.

The system design must lead to a system which has
biologically compatibility with the host. Size is a primary
consideration in  making a system coanform to ultimate
miniaturization and implantation which in turn dictates a
small power  supply. This forces low power designs,
especially since substantial power drain occurs due to the
NMOS electrode array, an unchangable part of the system. The
power supply must also be able to supply voltages
consistently over the entire time of operation. Operation in
the body reguires that the system does not damage the tissue
or significantly alter natural functioning of the host .
Therefore, techniques of encapsulation and trauma prevention
must be addressed in the design.

A final part of the problem of an implantable
communications link is reliability within the harsh
environment of the body. Reliability requirements suggest
simplicity in design, however trade-offs in performance must
be made to accomplish it. Preventative measures in addition

to circuit design are involved in solving the problem.

Scopna
—_—

In order to achileve a working prototype of the initial

bictelemetry link, existing designs will be used as much as

possible. At radio freqﬁencies,design is difficult to
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pProblem

The problem which 1s addressed in this thesis is the
prototyping and evaluation of &n outwaird communications link
for the NMOS 16 X L6 AVIT  electrode array. The
communicatiors 1link rmust supply the required power and
clocking signals to the electrode array chip, provide
amplification of the multiplexed brain signal, gnd modulate a
radio freguency carrier suitable for detection and
demultiplexing outside of *he body. All processing must be
done within low power constraints and be capable of reduction
into an implantable system. The outputted signal must be
decodable and the signals of each electrode reconstructed.
The following paragraphs gives a more thorough description of
the problem.

To provide a long term natural environment for the
collection of electroencephalographic data from the visual
cortex , an implantable biotelemetry link must be developed
to interface with the AFIT 16 by 16 clectrode array . This
system must be able to take a pulse amplitude, time division
multiplexed signal and process it so 1t can be transmitted
through the skin and decoded outside. Information required
for decoding must allow the determination of which electrode
produced a narticular voltage and when a change of electrode
occurs.  Thee unit has to supply electroencephalographic data

for several!l hours at < time and be usable over a period of
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transmitters is common for the study of electrical potentials
in the body. As early as 1957 small FM and AM modulated
signals were being produced by implantable transmitters for
the recording of internal temperature. Small, Dbattery
pvowered units gradually emerged, which transmitted electro-
cardiogram and electroencephalogram data. The numbers of
different transmitters produced in the 60's and 70's make it
difficult to go into depth for each transmitter, but they can
be generalized by the following characteristics; one to
fifteen channels of 1low bandwidth signals, FM modulation
using colpitts oscillators usually in the commercial FM band,
and signal encoding of either pulse amplitude or pulse
duration modulation. Other forms of tramsmission have been
used, but the 1literature shows only a few of each. The
circultry over the years has changed from discrete components
to integrated circuits (IC's), however the final output RF
transmitter is still a single discrete transistor in most
cases.

Evolution of the transmitter circuitry is dominated by
the development of low power integrated amplifiers and CMOS
digital control logic. This has allowed complex signal
processing in the implant, making possible the monitoring of
many signals (less than 15). Along with the development of
high density IC's, the use of thick film substrate techniques
have produced compact and higﬁly reliahble systems. The only

limit on complexity of the system are power demand and low

1-12
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techniques, and found that phosphorsilicate glass (PSG) and
polyimide produced the best resistance to ion penetration
{14:38, 55, 59). In testing the array, he built drive
circuitry which would eventually be used in an in wvivo
testing in a dog.

Armed with the devices produced by Fitzgerald and the
passivation technique developed by German, the team of Russel
Hensley and David C. Denton, GE-82D packaged a brain chip
with interconnection to external support «circuitry and
amplification. Their thesis provides actual data on the fine
grain electrode array used on the wvisual cortex of a
mammalian dog. Although no detailed data reduction was
performed, the thesis did provide the fundamental technique
for surgical implantation of the brain chip electrodes,
apparatus for data gathering of signals, and a method for the
visual evoked response (VER) collection of data (15:10-11,
28-51, 64-66, 71-82, 86-89).

Successive theses in this area have tried to improve
upon the inherent problems of JFET technologies by using NMOS
arrays to produce both larger arrays and onboard multiplexing
of the signals. These attempts have had some limited success
towards producing a completely functional design. Once a
larger array is fully operational, the problem of a fully
irmplantable system arises where all necessary support and

cormunication links can be contained in the host's body.
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at the Alr Force Iastltute of tTecnnology wirlch
developed an implantable semiconductor electrode array and
successfully used the device in a dog. The work in the
progression is summarized in the following paragraphs.

The initial proposal for a AFIT multielectrode array
come from Joseph Tatman, GE-79D. His proposal was the
development of an electrode array using JFET technology to be
used 1in conjunction with a multiplexing scheme, voltage
amplification, and pulse dura?ion modulation using a tunnel
diode oscillator. Although Tatman's array did not work, he
laid out the fundamental requirements for a 1large scale
multielectrode array using biotelemetry and transcutaneous
power coupling to the implanted device (5:22-44, B80-86).

Gary Fitzgerald, GE-80D, continued the work started by
Tatman in developing an electrode array. Fitzgerald's work
incorporated a new fabrication‘ process to remove problems
found in Tatman's array. Also included in his thesis effort
was a change of electrode metal from gold to silver-
silverchloride to produce better electrode response. The
electrode array did work on air but failed in the sodium ion
rich environment used to simulate the brain (13:108-109).

George German, GE-81D, took Fitzgerald's arrays and
sought a passivation method for the array which would solve
the problem of ion contamination of JFET switching transitors
while having suitable dielectric and water absorption
characteristics necessary for semiconductor design. After

evaluating the source of contamination, German tested 5
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number of output leads and the reproducibility of each
electrode within an array.

The electrode array produced at The University of
Southampton, England in 1980, shows great foresight into
solving some of the problems associated with recording of
biological signals. Their array 1is a 9 electrode (3 x 3)
array built around MOS technology where the electrode itself
is the metal gate for a transistor which provides initial
amplification before noise effects can materialize and an
impedance match for the high source impedance found when
reading electric potentials off the brain. The output of
each electrode drives a source follower configuration which
is directly coupled into a voltage amplifier. The problem of
insulation of active devices and leads from water, salt, and
other ionic damage is provided by silicon dioxide, positive
photoresist and varnish depending on the exact area of the
chip (11:553-556). To 1limit the number of output leads
multiplexing c¢ircuits produced a single pulse amplitude
modulated, time division multiplexed signal which was passed
out of the brain using wires. The quality of the signals
achieved was above what was gathered using glass pipette
methods. This work proved to be very much similar to the

work being done at the Air Force Institute of Technology.

AFIT Electrode Array Research. Parallel to the

Jobling experiments in England were the scquence of Masters
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with various stimuli. The technique proved successful, but
the large bundles of wire made the devices very sensitive to
breakage, very hard to reproduce identical characteristics
for each probe and producing 400 amplifiers to read the data
is impractical. Other problems included crosstalk between
adjacent electrodes and the shear physical bulk of the
apparatus, especially in the brain cavity. The results of
this study showed evidence that the activity from a evoked
response 1is very localized, at least as small as .5mm (the
resolution of the system) and not distributed as some earlier
EEG techniques had seem to shown (9:23-24, 26-29). This
reduced grain size analysis is now the basis for the AFIT and

University of Southampton semiconductor electrode arrays.

Electrode Arrays. The present state of the art for

electroencephalographic recording of the cortex is the
semiconductor electrode array. Separate but concurrent work
in this area by bioengineering students at the Air Force
Institute of Technology and researchers at The University of
Southampton, England, proved the wuse of semiconductor
technologies 1in the manufacture of fine grain electro-
encephalographic electrodes. The designs of each array,
although quite different, demonstrated the principles
introduced by Wise in his multielectrode array using photo-
lithographic methods to define electrode and active devices

(10:238-239). The significant achievement of each of the
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fully interpr«t the BCE interconnections by measuring evoked
electric potentials, a small reliable electrode capable of
measuring small potentials in a localized area was needed.
This section will describe the evoluticn of the research from
single probes to large semiconductor electrode arrays.

Brain activity in early research was measured by
cumulative responses of many neurons measured by large
electrods=s on the scalp. This provided wvery  Dbasic
information but lacks the detail needed to generate models of
the brain. The next level of research was done using single
cell microprobes made of relatively inert metal wires or
glass micropipettes. These probes were inserted directly
into the brain tissue so the tip of the electrode penetrates
neural cells. The electrodes produced excellent responses
but physical damage to the cell creates unwanted responses
not associated with the normal pathway. A typical example of
this is the wecrk done by Hubel and Weisel in the cortex of a
cat and monkey (8:106-110; 6:153-159). Measurements of this
type were very useful in determining a size associated with a
BCE.

Research then moved towards an electrode array to
measure evoked potentials over a large area of the visual
cortex but in sufficiently fine detail. Fine wire electrodes
were bundled into an array to produce a uniform pattern in

which potential gradients across the surface could be

measured. The work done by DeMott used a 400 probe array to

1-7
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patterns (7:106-108). Further, these experiments imply the
perception processing of the brain is not done within the
primary visual area, but rather a process of the pathways
after this point. Secondary visual cortex simulation by
electrodes has caused complex shapes and patterns to be
observed. This transition from point sources to complex line
and shape patterns means that some level of perception occurs
within that mapping.

The next 1level of research 1is the recording evoked
potentials of individual BCE's which might give an averaged
level of activity of the neurons composing a single BCE. BCE
activity corresponds to direct neural stimulation of the BCE
and gives a general way to monitor stimulation within the
pathway. Electroencephalographic monitoring with electrodes
provides a means of simultaneously recording electrical
signals at sites in both primary and secondary areas, giving
some information about the interconnections, but lacks in
resolution. Alternative methods of determining mapping would
be to do a Golgi-stain method and trace individual neural
fibers. However, the time required to trace the millions of
interconnections would seem to rule out this type of detailed
anatomical study. This forces the more general study
technique of electrode recording of BCE activity to produce

some reasonable model of the mapping.
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vicual acens. Phrouer b g obnaervaticons it owas oounsin e
oo inier o direct mappiay Of the ¢ye to the primary visual
cortex and that the ultimate pattern recognition occurs, in
part, in the secondary or association visual cortex.
Concurrent work by anatomists found that the visual cortex
areas perform processing on a very localized basis due to the
lack of large scale spreading of nerves conncected to an input
nerve. These inferences were made from elaborate
Golgi-Method staining methods used to determine 1localized
neural networks (6:152). The localized processing units
referred to by Kabrisky as the Basic Computational Elements
(BCE) 1is the wunit of interest in determining the exact
processing nature of the cortex. It is believed that at this
level the inputs and nmnecnory form a functional transformation
of the information. However, the ability to trace signals by
looking at single neurons 1is not easily accomplished, and
research efforts have preceded to look at the interrelation
between arrays of BCE's and the resulting transformation
which contains fundamentals of perception (5:39-54).

The interconnection of the many BCE's of the primary
visual cortex area to a single BCE of the secondary visual
cortex implies a formal mapping transformation similar to
those of a two dimensional Fourier transformation or similar

transformations. Experiments performed by Brindley and
Donaldson using electrical stimulation directly to the
primary cortex produced spots of light known as phosphenes

and shows that stimulation of BCE's of the primary visual
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comdindation of the primary and secondary cortical areas could

signiticantly reduce the number of stimulation points neceded

to producc a recognizable patterns. Because of the one to
one mapping from the retina to the primary visual cortex, the

amount of information which the optic nerve provides is

prohibitively large to seek to simulate with electrode
stimulation. If the transformation process which takes
places at the secondary visual cortex could be tapped into
producing a decoded pattern with only a few stimulation
points, a reasonable facsimile of sight might be produced by
external s*imulation. A thorough analysis of the wvisual
cortex may provide the means by which a practical visual
prosthesis can produce quality limited visual sensation for

many blind persons.

Background

The Visual Perception System. Neurological research

directed towards understanding the function of pczrception,
although extensive, shows little success into learning the
methods used by the brain to extract perceptual information.
Man's ability to recognize objects in a complex field, read
handwriting from many different sources or perceive familiar
shapes is relatively unknown. Many experimental methods have

been pursued to fulfill a gradual understanding of the
perception process. Early research into visual mapping came

from observations of visual effects when brain damage occurs
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As the mapping of the stimulus through the eye to the

~y

EAL GRS A Ml e s A e - L s e S
. .
’ .

primary visual cortex is accomplished, experimental

demonstration of a 1 to 1 mapping function of the eye to the
3 primary visual cortex can be explored further. By placing
*i two electrode arrays on the brain, one on the primary visual
cortex and another on the secondary visual cortex it is
possible to begin the task of mapping the neural response of
[e the secondary visual cortex to that of primary visual cortex.

This information 1is necessary to develop a model for the

human visual system, much like the one proposed by Kabrisky,
a two dimensional cross correlation (5:47-53, 58-59, 82). As
suggested in Kabrisky's concluding remarks, "Finer details of
the cortical connections are required to decide the case for
.D‘ either the proposed model or one computing with transforms
(5:82)." This thesis will aid in achieving that finer detail
needed to determine an appropriate model. Through direct
application of such a model, a scheme for pattern recognition
with a machine can produce results that rivals man's. As the
model 1is refined and better understood, the model could be
generalized to other sensory and thought processing done by
the human brain.
As information on the visual pathway's interconnections
and information processing techniques are unraveled, the
reality of a limited visual prosthesis for the blind becomes

a reality. Present work 1in the visual prosthesis area

explores the primary visual cortical area for stimulation.

)
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mapping relatlonship between the priwmary and secondary visual
cortex, and ultimately find an effecctive way for oxternal
stimulation to provide 1limited sight in many blind persons
(1:281-282; 2:14; 3:479; 4:44).

An extended implantation life for the implanted electrode
array will allow a 1long term test period in which evoked
responses can be measured from visual stimulation through the
eye. This will prove especially important in determining the
effects of envirommental changes on electroencephalographic
data for similar stimuli. But more significantly, the use of
a biotelemetry system will reduce the effects of localized
trauma due to incisions needed to allow communications and
support wires to pass out of the brain cavity. A completely
implanted transmitter would allow the skull and skin to be
completely closed after implantation. This allcows the body
to form an intact seal preventing bacterial infections which
could prove dangerous to the subject. Not only is the chance
of infection reduced but the localized area will gradually
adjust to the presence of the implant, reducing the effects
induced by the implant being within the brain cavity. By
allowing the most natural response over a long period of time
the experimental data will produce a consistent
represencation of the electrical physiological events in that
localized area of the brain. Data free from perturbations
due to the presence of measurement equipment should provide a
sound and very realistic picture of the brain. With this

type of data reasonable inferences concerning functioning of
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A COMMUNICATIONS LINK FOR AN

IMPLANTABLE ELECTRODE ARRAY

I. INTRODUCTION

Significance

Neurological research over the past century has made
major advances into understanding the functioning of
mammalian brain. However significant the scientific research
has been, only inferences can be drawn on exactly how sensory
information is processed in the cerebral cortex and used to
make decisions. The visual pathway is of particular interest
because of the scientific community's 1limited understanding
on how the brain is able to recognize particular shapes;
either scaled té various sizes, rotated over a range of
angles, located in a cluttered visual field, or just plain
distorted. Understanding this process of information
extraction from sensory information provided - by the eye,
could allow us to mimic the process on machines, to provide
pattern recognition, or to intervene in the brain's natural
process 1in order to help those whose vision has been impaired
due to damage somewhere along the visual pathway. This effort
is significant in that it will prove a design of a
communication 1link which will allow extended implantation
life for the Air Force Institute of Technology's brain

electrode array, providing a simple means for establishing a

1-1
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pooduce Stable designs. Purtioruore, designg wili e sound
but may not extend beyond the very simplest capabilities of
the devices. Larce bandwidth requirements of the PAM
modulating signal will be reduced as much as possible to
produce a working amplifier and waveshaping circuits which
can be designed for a thick film realization for
implantation. This thesis will make no attempt to produce an
implantable system but rather show the feasibility of such a
system and provide the guidelines for a system using what was
learned in this prototype.

The design presented in this thesis makes several
assumptions as a starting point of the design. First it is
assumed that the system 1is to be used with a fully
multiplexed 16 by 16 electrode array implemented in NMOS.
The only required inputs to the array are power in the form
of a ground and a positive supply between 3 and 6 volts, a
clocking signal to sequence the array between electrodes, and
the ability to ucse a power supply line to hold count-select
and sync-in pins at proper values. Also assumed 1is that
ample room exists in the receiving host to implant a small
power supply and transmitter in the chest cavity and the
electrode array assembly in the brain cavity. Finally, it is
assumed that this thesis will not produce the circuitry
necessary to reconstruct the signal at each electrode but
rather it will supply the PAM signal and synchronization to
decode the signal.

Testing of the system will be done on a breadboard where

1-15
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array  characteristics  will be sihmulated with a waveform
generator and with electric models for the electrodes. Power
‘ unit testing will demonstrate the ability to supply

sufficient power to an internal battery pack.

Approach

The approach to solving the problem presented here is
comprised of six major steps. Step one 1is an exhaustive
literature search, where systems for Dbiotelemetry and
inductive power transfer will be explored and examined for
suitable adaptation to the design problem. Step two will
produce a design of a frequency modulated (FM) transmitter
capable of transmitting the broadband pulse amplitude
modulated (PAM) wave. This FM signal will be inductively
coupled to a demodulator outside the brain cavity. The
transmitter must also be breadboarded and tested to show

ability to produce exceptable modulation even when inductive

coupling coil is submerged in the lossy body fluid. Step
three involves desighing an amplifier for the EEG signals,
and then adding sufficient synchionization information to
M provide suitable reconstruction of the signals. Once again
this will be breadboarded and tested for stability and

compatibility with the electrode array and the transmitter.

f

¢ Step four is the development of an external power supply

oY

source and a means of generating a clock to sequence the

array through each electrode position. System design will be

adaptations of existing systems and will be breadboarded to
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receiver to treproduce the array's PAM waveform and the
superimposed sync waveforms. The final step will integrate
the entire system and test for ability to reproduce
accurately the PAM waveform generated by the electrode array.
At the time of this writing, a working fully multiplexed
array does not exist so biological signals must be simulated
to evaluate system performance so that recommendations can be
made to 1improve the system design and provide system

minieturization for implant |wuse. Once the system 1is

evaluated, extensions of the system will be recommended.

Order of Presentation

Chapter two will present a detailed analysis of the
problem, describing requirements and system trade-offs.
Chapters three and four will discuss the actual design of the
system, including the basic theory, the design procedure and
the steps necessary to produce a working system. Chapter
five will present the results of the system's testing and
discuss attributes as well as problems. Chapter six will
draw conclusions about the system and make recommendations

for further research.
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I1I. Detailed System Analysis

Theoretical Basis

As stated in the background section of this thesis, the
manner by which the brain processes visual information to
formulate pattern recognition within the brain is very much
unknown. Previous work has shown a fundamental one-to-one
mapping from the retina to the primary visual cortex and a
more complex mapping from the primary visual cortex to the
secondary or association areas. The work of DeMott and
several AFIT theses has shown that processing of input
stimulations occurs locally within the cortical layer and is
then passed on by interconnections for further processing in
subsequent areas. Because of this very localized computation
being performed in the brain, individual areas of the brain
{BCE's) can be monitored to reflect activity of computations
being performed at small points in the map. This allows the
mapping to be determined using a two dimensional array where
the propagation of signals within the array reflects the
computation performed and the interconnection of these BCE's.
This is much easier to monitor than if the computation were
done as a continuous propagation of a signal as it diffuses
over an entire sheet of the cortex. The localized nature of
the BCE's allows the use of electrode arrays to record
activity of each BCE after a visual stimulus. As noted first

by DeMott, and later by Hensley and Denton, large cortical
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as closely as 100 - 200 microns and can be easily multiplexed
by the AFIT hardware.

Activity in a single BCE is composed of the firings of
many neurons over a relatively short period of time. 1f
these signals could be monitored in <close proximity o
individual cells , the frequency bandwidth would be several
kilohertz. However, since monitoring is done a distance from
the actual nerve endings and capacitively coupled to them,
the net effect is to average the high frequency pulses into a
slowly changing potential which indicates some measure of
activity in each of the BCE's. The relatively low signal
bandwidth of the electroencephalographic signal makes it
possible for a time division multiplexed signal to be
generated from the 256 electrodes in a 16 X 16 array which is
narrow enough in bandwidth to be transmitted over a FM radio
frequency carrier.

The purpose of this thesis is to test the feasibility of
designing an implantable system which can take the time
division multiplexed signal from the 16 x 16 electrode array
and process it so it can be reconstructed outside the body
while supplying necessary support (power and clocking) to run

the array chip.

Problem Analysis

To test the cortex for patterned responses from

predetermined stimuli, and ultimately use the data to track
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Doyt Dabhyg,  the costleoal  curiace meist e monitor s
over a large area of the visual cortex. The monitoring is
accomplished by a large electrode array which must be able to
simultaneously record signals generated at each location in
the array. The system should be chronically implantable so
that the recording can be done over significantly 1long
periods of time and without the effect of anesthetic and
antibiotic agents on the response of the visual pathway.
Repetitive evoked responses can reduce random effects of
noise and variance within experimental procedure to produce
consistent and repeatable responses allowing well founded
inferences to be drawn. When implanted, the unit should in
no way interfere with the normal functioning of the
biological host to insure results are not induced by the
physical presence of the monitoring unit. Finally, the unit
must be capable of monitoring a large area of the visual
cortex, both primary and secondary areas. Monitoring of the
total area would require hundreds of thousands of electrodes
to monitor all the BCE's associated in the first two levels
of signal processing within the visual pathway. At this
level the design of a telemetry system reaches a limit to
transmit all the information of each and every BCE. Because
of the finite bandwidth of any communications channel built
with currently available low power chips, only a small number
of BCE's can be looked at one particular instant. The array
cannot be physically moved further limiting the scope of what

can be monitored.
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- the ability to process only a finite number of electrode data
! sources, a 2% «lectrode array 1is a reasonable choice for

! implantation with a telemetry 1link. Other thesis efforts

have produced electrode arrays capable of producing a
m.ltiplexed signal of electrode responses and tests have
shown that devices are implantable and capable of sustained

use in the hostile cerebral environment (see background in

Chapter 1). At present, a 256 electrode array which is fully
multiplexed has not been totally proven, however the design
of the telemetry and powering links assumes a totally
operatioral 256 electrode array. The detailed design
presented in this thesis will show the feasibility of
producing a low power large bandwidth telemetry 1link using
commonly availlable IC chip sets. This thesis will not

explore the possibilities of custom integrated circuits to

[.

hiu produce necessary telemetry 1links as has been done by |
. Stanford University's Kit Chip Project (16:91-98).

Presently, large scale integrated circuits have opened

many possibilities of producing low power circuits to perform

L

f waveshaping, amplification, and control functions required {
\ for an implanted system, Complementary metal oxide |
F. semiconductor (CMOS) devices produce low power control logic
[ and waveform generation, while low power optimized op amps
r produce reliable amplification. High frequency design of
L. modulators still requires discrete transistor design,

however, poscsibilities of large scale integrated circuit
[
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design. Ultimate design of the modulator depends on the
power consumption of the modulator design. Once an
exceptable outward transmitter 1is achieved, & receiver

capable of demodulating the FM signal into its PAM
representation will be designed. This design must extract the
information needed to reconstruct the signal at each
electrode. Devices used for the receiver are external to the
host eallowing for a relaxed power constraint and a wider
choice of commercially available IC's to perform the
demodulation. Simplicity in both internal and external parts
of the communication 1link facilitates ease of construction,
reduction of size, and most importantly, increased
reliability of the entire system. It's within these
constraints that a more detailed analysis of the problem is

undertaken.

System Requirements

Objectives.

1. Provide impedance match of brain electrodes to the
PAM amplifier.

2. Provide amplification of time division multiplexed
signals provided by the electrode array so both voltage
and impedance are acceptable for the modulator.

3. Provide synchronization marks within the PAM signal
to indicate electrode position with respect to actual
voltage output.

4. Provide necessary clocking for electrode multiplex
sequencing.
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5. Provide the roeguired losy voltage and low 2urcrent
supply.

6. Provide transcutaneous power transfer to rechargable
battery source.

7. Provide a design scalable to thick film circuitry
for chest cavity implantation.

8. Provide long life time and reliability.

9. Provide a reasonably accurate reproduction of PAM

signal (minimum noise) before demultiplexing into

individual electrode signails.

These objectives provide the basic requirements needed
to achieve a long term implantable telemetry link. Conflicts
between objectives lead to compromise of these objectives.
Trade-off areas are power consumption, noise, simplicity, and
signal bandwidth. Within the detailed design these facets of
the system are traded off until a nearly optimum system is

produced.

System Overview. The system design from a block

diagram point of view can be readily seen from the block
diagram in figure 2.1. The system 1is divided into three
functional blocks: (1.) Signal Processing and FM Modulation,
(2.) FM Demodulation, and (3.) Power supply and Support
Circuitry. Composing the signal processing and modulator
segments is an amplifier capable of bringing the low level
brain signals to a usable voltage for the FM modulator. This
signal is then added to a synchronization timing signal which
will allow the determination of which electrode is producing

that particular signal level.
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i thoe osanols ave addedt togetner, they form tne modulating
signal for a wideband FM modulator. The FM modulator in turn
drives an inductive loop antenna which is inductively coupled
to the demodulator. All of the signal processing and
modulation is performed within the body cavity and the loop
antenna 1is placed near the surface of the skin to maximize
transcutaneous signal level. Outside of the body, a close
proximity inductive 1loop antenna picks up the modulated
signal and amplifies it to a level acceptable for the input
to FM demodulating phase locked 1loop. The demodulated
signal produced by the phase locked loop 1is then low pass
filtered and amplified to be used as an input to other
devices to demultiplex the PAM signal. The demodulator is a
separate unit and is in place only when data are collected.
The final functional unit is the power supply and support
circuitry (clocking signals and control for the electrode
array) . This system has both internal and external
components. External components include a medium frequency
crystal controlled oscillator which is power amplified and
matched to a power transmission coil. Power gain is
adjustable to meet requirements of Dbattery <charging,
distance, and efficiency. Internal to the body is a
receiving coil completing the inductive couple and power
transfer. The incoming power signal is then rectified and
smoothed to suitably charge an internal power source. Power
transfer and data output will be run at different times to

avoid coupling problems, so a on/off switch is provided to
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The following sections develop the system reguirements
of each one of the blocks in the diagram and present a

simplified method for solving each particular design problem.

Internal Circuitry. Each element of the data signal

processing and FM modulation circuits has unique requirements
placed on them by overall system performance and by
interfacing of individual circuits to one another. Each of
the following sections describes what system requirements
must ba met and what regquirements are imposed by the design

of that stage or of other stages connected to it.

~Dbata Amplification. The amplification of the

output data stream from the electrode array is constrained by
the source impedance of the electrode, by the gain required
to adequately modulate the FM modulator and by ultimate power
consumption. Input impedance is of particular importance
since a significant amount of voltage can be lost witnin the
lossy source of brain tissue and impedance of the electrode
(which varies as the biological event takes place) (17:154).
Impedance of electrode to brain tissue interface is dependent
on the nature of electric double layer formed when a metal
electrode is placed in contact with an electrolyte solution
such as the cerebral fluid. This layer behaves 1like a
capacitor shunted by a resistor both of which are frequency
and current density sensitive (17:213). The resistance

varies from subject to subject and with electrode size and

S e e e e e et s s whenten wncncSe e B S - 5 - m e e .- .

.

-,

=,




thpeadance 1 about 1 to 50 kilohas. Electrode impadanco
along with the resistivity due to the actual tissue makes the
source impeodance quite high in most applications. To aveild
dgistortlion from signal attenuation due to resistive losses
and the changes 1in current density when a low 1mpedance
anmplificer 1is used, very high input impedance amplifiers must
be used to monitor the electrode signal (17:224-233,
240-244) ., Input impedance of the amplifier must be 10 to 20
times greater than source impedance reguiring an input
impedance of approximate 500 kilohm or greater. Low bias
currents are required to prevent the movement of electrode
material into the brain due to electrolysis. In addition,
permanent damage to brain tissue can result 1f current
density becomes too high for long recording periods, due to
strong current paths set up in the tissue.

Not only must the amplifier have a high input impedance,
it must also have a strong immunity from common mode signals
on the reference electrode and the monitored electrode. This
requirement stems from the large amount of low frequency
noise in any environmental set up. Noise sources like AC 60
Hz line power, motor sj.ikes, and background switching
circuits cause large amounts of common mode signals to likely
hee present at electrode surfaces. Common mode nolse sources
can produce signals well 1in excess of several millivolts,
which is significantly greater than the 20 to 1000 microvolts

signals seen at the clectrodes, This requires the input
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tejectlion ratio of 50 db or greater to achleve good signal
representation without significant common mode interference
(18:684; 19:218).

Freguency response of the amplifier is determined by the
characteristics of the input PAM waveform and the allowable
rise-time deterioration of the waveform due to loss of high
fregquency response. Electroencephalographic signals display
a spectrum consisting of primarily low frequencies with an
upper frecuency limit of 25 hertz. No significant spectral
content exists above this 23 hertz limit, making it feasible

to

t
£

re sufficient samples to reconstruct the waveform.

ot
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Py

thecrem states the minimum sampling rate must be

m

twice the bandwidth cof the baseband signal (20:298).

FSample W (2-1)
This assumes ideal impulsive sampling and an ideal 1low 1.ss
filter for reconstruction of the waveform. The actual
signal, however, is far from ideal because of nonimpulsive
sarpling (first order sample and hold), signal distortion at
electrode interface, band limited communications channel
wiich causes crosstalk between samples, and t(he use of
practical low pass filters for signal reconstruction. The
nonideal nature of the system, suggests the signal be sampled

at a rate of 3 or 4 times the maximum baseband signal, or in
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inoas the dielectric. The skin 1s a lossy divlec i,

strongly  frequency dependent, and subject to change upon

cnvironment or emotional changes. To pass signals, & common

ground exterral and internal systems 1s nccessary,

accomplished through the highly

and this can only be

resistive body fluid which is not suitable for high guality
transmissiorn.

Conseguently an 1inductive couple was then tried.
Because 0f thes high amount of deviation of the carrier, a low

D tunsd circuit was needed to avoid detrimental amplitude

modulation distortion of the FM modulated signal.

tHowavar,tha low power handling capabilities of the output

of the CMOS phase locked 1loop couldn't sufficiently

parzllel low Q tuned circuit. So, a series tuned

output coupnlie was tried where the output center frequency was

a7 the harmonic near 10.7 MHz and component values were

chosen so the impedance at the fundamental frequency was high
This approach increased the

to prevent loading of the PLL.

modulation index by number of the harmonic used and because

the output of the phase lock loop 1s a square wave, there is
sufficient energy in the side bands to produce a detectable
amount of signal in a coll placed near the tuned circuit.
lowever, tha tuned circuit rang when driven by the output
stage and produced unusabile sionals for demodulation.  Even
1f the circuitry had worked, the efficiency of the system
woalsl not be acoeptable for low power applications. The use
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Figure 3.1. Phase Lock FM Modulator

A commerciallyv available CMOS phase locked loop, CD 4046, was
chosen and design was undertaken to produce a FM modulator
with a 100 to 150 KHz deviation at a frequency of
approximately 1 MHz using the voltage controlled portion of
the PLL. The design preceded, but it was found that the
maximum achievable operating frequency was about 750 Khz
with some uncertainty in freguency stability. A phase locked
frequency modulator was then tried but exhibited a very low
modulation index without the divide by N counter in the
feedback loop. Alternatively, the divide by N counter does
help some, but forces operation at a harmonic of the
reference oscillator requiring a very high stability
reference oscillator. Further complicating matters was the
problem of transmission through the skin of the modulated
signal. Initially coupling was to be capacitive, however

capacitance required to pass the signal unattenuated,

3-3
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changes end problems that occurred will also be discussed.,

Internal Circultry

Overview. As discussed in Chapter 11, thce primary

requiroments that must be faced in the design of the internal
circuitry are low power, achievable bandwidths, simplicity,
and scalability. The purpose of a prototype is to check the
feasibility of such a system. The internal circuitry tends
to stretcnh the 1limits o0f existing integrated «circuits.
Achieving largz bandwidths at low power is a conflict of
terms, esp2clally in the early development of operational
amplifiers, pA 709 and pA 741, where power 1is an easy
sacrifice for high gains. Also low level signals are being
neasuared, meaning noise must be minimized- another conflict
to low power and large bandwidths. In the following section,
the author will look at the design of the outward link of the
communications system, taking into consideration these

conflicting requirements.

FM Modulator. The FM modulator was the first area of
design because 1t defines the requirements for both the
amount of gain required and operating frequency of the
demodulator. The first cut at this problem of a low power FM
modulator was to use a CMOS phase locked loop and to modulate
it while it 1is locked onto a stable oscillator (see Figure

3.1).
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ITI. Communications Link Design and Breadboarding

Introduction

This chapter deals with the design, breadbroading, and
initial performance evaluations. The first section deals
with the internal circuitry of the communication 1link which
includes the amplification of the multiplexed pulse amplitude
modulated signal, the addition of synchronization
information, and the frequency modulation of a radio
frequency carrier. The second section deals with the
external circuitry of the communications link which includes
the front end receiver and amplifier, the FM demodulator, and
the baseband output filters. Each section will present a
description of the design considerations and governing
eguations, the processes used to determine a workable
solution, and a description of the actual implemented system.
In addition, each section will describe the breadboarding of
the circuits and the steps taken to realize a workable system
in an environment where radio frequency noise and crosstalk
make designing, at best, difficult. The order of
presentation within each section represents the order used in
the actual design to determine the necessary requirements of
subsystems, while not causing major redesign of the system
when requirements changed or <c¢ould not be met. By
breadboarding in a systematic fashion, the system performance

was evaluated and the design was revised to improve the

3-1
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tmplantable system, the total system must be able to be
implanted within the chest cavity of a rhesus monkey.
Approximate size would have to be a maximum of 6 cm by 6 cm
by 4 ¢m in size and capable of being affixed to bone so that
novement within the chest area is minimal. The shape murt
have smooth edges and be sealed so saline body fluids do not
penetrate and cause failure in the electronics. Materials
used cannot damage surrounding tissue or cause harmful
substances to enter the blood stream. This thesis will not
perform the actual fabrication of the implantable system, but
design considerations are being done with ultimate
implantation constraints considered. Miniaturization of
circuit designs into thick film «circuits of minimal
complexity allows size requirements to be met. As available
tools increase 1in the future, chips sets performing all
signal processing functions can be placed on site with the
electrode array, improving the data transfer. More
discussion of size and fabrication will be addressed in

Appendix F.
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rechargable power sources require small size, good power to
welght ratios, relatively stable supply voltages,
biccompatability (gencrates no gases or heat), and must be
capable of many recharge cycles (25:263-264). Within this
system, the power supply must supply 25 mA to the electrode
array at 5 volts and approximately 5 mA for the amplifier, RF
modulator, sync encoder, and clocking oscillator, for a
period of approximately an hour between recharging.
Recharging times should be relatively quick to prevent
discomfort to the animal and reduce the possibility of
equipment damage by the animal. On/0Off capabilities must
supply wvoltage upon command by a simple couple through the
skin. The switch must not change the applied voltage

significantly or interfere with the transmission of the PAM

electrode signal.

Clocking Oscillator and Pin Connections. The

clocking oscillator and pin connections requirement result
from the need to produce the proper conditions for the
electrode array to sequence through each electrode. Clocking
oscillator must be fairly frequency stable stepping through
the array electrodes at a rate of 25 kilohertz. The pin
connections must insure that proper values of high and low
are seen at count-select and sync-in pins to force the array
through the proper sequence. Power supply ground and 5 volts

will be used.
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interference with other devices and keep the system at
optimal performance, the output signal should be a well
filtered sinusoid to keep out harmonics which degrade

performance.

Inductive Couple. The inductive couple provides

an efficient link of energy through unbroken skin.
Conductive tissue surrounds the implanted coil forming a
lossy magnetic shield to RF signals. Fortunately, the
shielding is incomplete and inversely proportional to
frequency (23:259~261). This tends to make the antenna
(coil) more efficient at higher frequencies causing a trade
off in design parameters as discussed in the oscillator
section.

To further improve transmission properties, the Q of the
circuit must be kept reasonably high, despite the tissue
loscses. To do this, the reactive component of the inductor
or capacitor at resonance must be kept low (approximately 100
ohms) (23:261). Position tolerance of the couple determines
how the coil sizes compare. Greater tolerance to
misalignment of the coils, results in loss of power transfer

efficiency which must be considered in the ultimate design.

Power Source and ON-OFF Switch. The power

source must be a rechargable source capable of delivering
sufficient power to implanted circuitry. To conserve power

and limit the required size of the batteries, an externally

)

2-19

v a —mm m tm o « . ra




......

Cali et

L e e g

spectral purity for highest efficiency of power transtor.
This 1s so0 because coupilng circuits are tuned to high @
circuits with very narrow bandwidths. Any harmonics produced

outside the narrow bands are lost as heat in the output
circuits and are not available for powering the device.
Frequency of the crystal osgscillator 1is determined by a
trade-off of coil efficiency at high frequencies, <« :th of
penetration at low frequencies, and tissue losses at over a
range of freguency (23:259). Since depth of penetration is
an exponential function of distance, measured in wavelengths
from the surface, better coupling can be achieved if 1low
frequencies are used.

Rules and regulations of operating bands of high power
transmitters further 1limit acceptable bands for operation of
the transmitter, forcing the use of commercial or amateur
bands. In using any frequency, interference with operating

devices nearby must be evaluated.

Power Amplifier. The power amplifier's

requirements are power amplification, impedance matching,
high spectral purity, and high efficiency of power
generation. Typical trascutaneous telemetric powering
systems have power transfer efficiencies of 6% to 25%
depending on coil shape and spacing (24:634, 638). Output
power for a usable charging power of 250 milliwatts is in the

range of 1 tn 5 watts. The output power must be transmitted
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information and signal reconstruction has not beoen fully
categorized. Filtering accomplished in the baseband
amplifier extracts the PAM signal from the noisy signal
produced by the phase locked loop. The noise is
characterised by its frequency content at the frequency of
the voltage controlled oscillator and is easily removed. A
low pass filter at a cutoff fregquency of 150 KHz will provide
adequate high frequency suppression and good quality signal
extraction. Filtering must not 1introduce any perceivable
overshoot in the step like PAM signal. Edges must be sharp
and clean and noise should be limited to that generated by

the input amplifier at the electrodes.

Power Supply and Support Circuitry. The power supply

for the telemetry 1link is composed of a crystal controlled
oscillator, a power amplifier, rechargable power scource, andg
an on-off switch. Each section of the power supply has
requirements of stability and efficient operation in very
changeable surroundings. Support circuitry includes the
clocking oscillator and sequencing connections. Here the
emphasis is on proper operation of the electrode array. 1In
that context, the individual requirements of each block in

Figure 2.1 will be described.

Crystal Controlled Oscillator. The crystal

controlled oscillator's requirements stem from the need of a
q

highly stable reference frequency at which power transfer
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for coupling reduces gain requirements to around 100. ‘The
frequency response must be able to handle incoming RV
frequencies while presenting a small output impedance to the

FM demodulator.

FM Demodulator. The FM demodulator requirements

are to extract the frequency modulated information with the
minimum amount of distortion to the transmitted waveform.
This requires that the output frequency response bandwidth be
100 KHz. Purther, a filter must be used to remove high
frequency noise generated by the demodulation process.
Because loading and voltage supply changes in the modulator
cause shifts in the center frequency, the demodulator must
track small changes without retuning of the demodulator. The
demodulator should not be sensitive to amplitude changes of
the incoming signal that might cause a loss of 1lock or
distortion of the data signal. This is especially important
since mistuning of the tuned ceil in the input will cause
amplitude differences at different frequencies resulting in
amplitude modulation at the same frequency as the modulating
signal. Due to the characteristics needed, a phase locked

loop is the logical choice to achieve a tracking demodulator.

Baseband Amplifier. The  baseband amplifier

provides two functions to the signal processing of the
recovered signal; amplification and filtering. The

requirements for amplification cannot be defined since post
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. at the center freqguency with a variety of output loadings and

E(fﬁ under significant changes in supply voltages. The modulator

Q must demonstrate good linearity and be monotonic through out

: its operating range. A possible technique for FM modulation

hi, to producs stable modulation 1is a crystal referenced low

- power phase locked loop where the voltage controlled
oscillator 1is directly modulated by the input signal.

Gy T . o

3 Another possipility 1is a simple oscillator design using a
voltage controlled variable capacitor (varactor) as part of

_ its tuninc tank (22:165-167, 96-100). Design criteria for

C

the FM modulator is low power (less than 5 milliwatt),
simplicity of design (low part count), high frequency

stability, and compatibility with simple demodulator design.

External Circuitry. The demodulator requirements are

related to ease and quality of reproduction of the
m.ul transmitted PAM signal. Here design requirements are placed
on all three segments, RF signal amplifier, FM demodulator,
and the basepband amplifier. Each unit should be designed
° using commonly available integrated circuits and using as
simplistic a design as possible. Discrete electronics are a

last resort for each stage in the design.

——y

L
L PF Amplifier. The RF amplifier must perform
amplification of a low level radio frequency signal to a
3
level suitable for the FM demodulator. The input to the
@
t amplifier must be tuned to eliminate out-of-band noise.
: 2-15
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rnust take the PAM signal from the amplifier and use it to
modulate a radio frequency carrier suitable for good FM
broadcasting and simplicity in receiving. For a good quality
signal, a modulation index in excess of 1 is reguired. The
baseband signal determined 1in the previous section was
approximately 100 KHz, so a modulation deviation 100 KHz is
the minimal requirement. This thesis will use a deviation of
150 kilohertz to give somewhat better performance. The
modulation index 1is actually significantly better than 1.5
determined above, since the major contribution to the
spectrum is in the range between one half the sampl._ng rate
and the sampling rate. This 1is evident when adjacent
electrodes have equal but opposite voltage resulting in a
square wave with a frequency of one half the sampling rate.
At a sampling rate of 25 KHz, the modulation index is 12
which falls well into wide band FM and its associated noise
improvement over other modulation techniques.

The fregquency modulator's center frequency will be
determined by the ease of demodulation. Frequency bands for
biomedical research are 38-41 MHz, 88-100 MHz and 174-216 MHz
with maximum signal strengths of 10, 50, and 150 microvolts
per meter at 15 meters respectively (21:21). These bands are
for higher power telemetry units; lower power telemetry is
open for most other bands so long as power levels at 15
meters are undetectable. Close proximity inductive coupling

coils reduce the required output power, and simplify
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is given by equation 2.2.

T - RC = 1/27B (2.2)

Substituting in the required period, the bandwidth required
i1s approximately 100 KHz for good to excellent reconstruction
of the step edges. Although the analysis appears very
conservative, other effects like charging of the electrode's
shunt capacitance causes the combination of effects to result
in degracdation of a stabilized value within one fifth of a
period.

Amplification of the signal must be sufficient to
produce maximum deviation of the frequency modulator. This
amplification must also be sufficient to drive +he load
presented by the input of the modulator. Actual speci-
fications for the modulator cannot be determined wuntil
actually implemented, but required voltages are in the range
of one volt based on typical varactor specifications. With
full deviation being a 1000 microvolt signal, the gain
required is approximately 1000. This gain must be relatively
noise free so a signal change of 20 to 50 microvolts between
electrodes can be detected. With this high gain, frequency
response and slew rate of the amplifier become significant
however, designs should favor frequency limitations over slew

rate limitations.
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electrode. For the 256 electrode array, this produces a 19

At 25 kilohertz the time

to 25 kilohertz sampling rate.

period is 40 microsecond between changes of electrode. This

results in the stair case type signal depicted in Figure 2-2.

ONE

~ﬂ \'— TIME PERIOD
B L“_T

i1 )21 31 415016 | 71
ELECTRODE

Figure 2.2. PAM Signal
Since each step is very much similar to on/off switching of a

DC voltage in a RC circuit, the low pass bandwidth of the

amplifier must be sufficient to produce a steady signal
within about the first fifth of the ©period between
electrodes. For most engineering work, a signal |has
stabilized in a RC exponential <c¢ircuit in 5 RC time

constants. Therefore, the baseband amplifier must have a low

pass filter with RC equivalent of 1/25 of the 40 microsecond

electrode period or 1.6 microseconds. From linear systems
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Ec, a sultable low pcocwer phase locked loop is available that will

[ run 1in the 10-20 MHz range, so a higher Q parallel tuned
output stage can use the fundamental frequency. National

_ﬁi Semiconductor has released preliminary information of a CMOS

! phase lock locop, MH54HC4046, with a maximum freguency of 20
MHz and would be ideal for this application.

Unable to find a low power voltage controlled oscillator
in a IC packeage, the design turned to discrete components in
a configuration commonly used in low power applications, a
common base Colpitts oscillator using a varactor to produce
changes 1in the center frequency (25:208-209; 26:265-273,
331). Common base configuration was used because of high
stability and small centrr frequency variation over changing
supply voltages. Figure 3.2 shows the circuit used in this

design.

Figqure 3.2. Common Base Colpitts Oscillator

3-5
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Design was undertaken for an ozciilator at 9 MHz so the
150 KHz moduiation was 1% to 2% of the center frequency, as
required by the phase locked loop used for the demodulator.
The preliminary design used eguations from Haywood's
text.but, due to their complexity, they are not presented
here (26:267). Preliminary designs did not produce the
optimum design when modulation was applied. Changes of
operating point due to changes in the varactor's loading of
the tank causzd severe amplitude modulation as freguency was
swept. Nonlirearities in the limiting process, as well as
loading of the tank by the varactor, produced the unwanted
amplitude changes and forced a trial and error approach for a
stable, clean FM modulator 127:368, 370-371) . Using
approximately a 3 microhenry inductor, 6 1/4 turns on a 3 cm
diameter form flat wound, keeps the center frequency
inductive reactance at about 150 ohms to maintain reasonable
Q despite tissue losses. The choice of varactor was made to
produce a 5% change of capacitance when varied in parallel
with the net capacitance in the feedback voltage divider C1

and C Using equation 3.1 to solve for the total required

2
capacitance, we find approximately 100 picofarads needed to

produce a 9 MHz carrier.

F = 1/2 n (LC /2, (3.1)

)1
total
Where

c = (CbC

total /C*Cuap) ¥ (€1C/Cy#CH) +C

var stray
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If the blocking capacitor 1s kept relatively large, the
capacitance variation of the varactor will almost totally be
the change of the total tuning capacitance. To achieve a 5%
total change of freaguency, a change of 5 picofarads at the
varactor's bias point is needed. The choice of the wvaractor
MV2038 satisfies this reguirement and keeps the @ of the
circuit high.

Initial trials for proper feedback network used a large

DC blocking capacitor, C and a sizable isolation

b’
resistance, Riso’ to isolate the modulator from a 1 volt p-p
signal with 1 volt DC offset provided by a signal generator.
Low frequency modulation was used, and the waveform at the
collector was monitored for amplitude shifting as the
modulator was swept through freguency. Trial and error
methods then préduced a feedback capacitor pair which
generated the least amplitude modulation. Using a sinusoidal
modulating signal the approximate 3 db rolloff point for the
varactor input was found. The combination of adjusting Cb

and Ris raised the cutoff frequency to approximately 150

o
KHz. Using a lower frequency square wave modulation signal,
the feedback network was readjusted for minimal amplitude
shift with frequency. The resulting modulator with wvalues
determnined is shown in Figure A.l in Appendix A. It should
be noted that the breadboarded design depicted in Figure A.1l

has total capacitance considerably less than calculated from

frequency. Stray capacitance in the windings of. the
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wiring forces a design where trial and error are used to
produce optimum results. Likewise the cutoff frequency for
input modulation appears low, however, Miller capacitance
generated across the base to collector junction significantly
adds to the 1low pass filtering effects of the varactor
network. To provide a good high frequency current loop for
the output oscillator, 10 to 15 microfarad bypass capacitors
should be placed between the supply lines and ground,
physically close to the modulator.

Before any other design could be accomplished, a plot of
frequency verses applied voltage was taken. This plot is
shown in Figure 3.3. The curve is very nonlinear, espe-
cially in the extremes of the operating range. The most
linear region of the curve will be used as the operating
range of the modulation, determining the DC operating point
and required voltage swing. This defines the gain needed to
produce full modulation for the £full scale input of 1
millivolt peak to peak. The most linear region of the graph
is the region between 8.8 MHz and 9.1 MHz requiring a .9 volt
swing centered at 1.3 volts. The present application does
not force the transfer relation to be linear, so long as it
is monotonic and characterizable so an inverse relation for
compensation can be determined, if needed. Absolute voltages
on the surface of the brain are not the measure of
importance, but rather the relative changes between

electrodes normalized over the maximum absolute value.
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? amplifying the electrode signal to a useable level for the

2 s e oa_aWW LAt a

high comrmon mode rejection ratio all contribute to a very

’( modulator must take inte account a lot of conflicting

X reguirements. Recquirements of high bandwidth (100 KHz), low

'. power (under 20 microwatts), high slew rates, low noise, and j
»

t '-"

speciaiized design where many tradeoffs must be made to
fulfill a practical design. The first task was to find a
suitable amplifier to produce the needed amplification.
Amplification of 900 to 1000 is needed to produce full
modulation with the maximum input voltage of 1 millivolt,

forcing the amplifiers to have at least 80 db of isolation

between stages. The amplification should be performed over

N no more than 3 to 4 stages to avoid self oscillation from

y [4

currents setup in the feedback networks. The minimum

exceptable gain-bandwidth product of a single stage is 600

"

KHz, but to avoid any significant 1losses at higher

gy, YN

frequencies, a better figure 1is 850 KHz. The final

amplification stage must be capable of a slew rate of .9

volts in 1.6 microseconds, one fifth of the time between %
electrode samples, or 0.5625 volts per microsecond. This %
must be done at low voltages since a maximum of 5 volts is i
available between positive and negative supplies and the j
amplifiers must remain immune to changes in gain when supply !
voltage varies. Two commercially available amplifiers are ]
capable of such characteristics, the LM 146 programmable :
operational amplifier and the LM 158/258/358 family of 1low L

3-10
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Coserattoaal s amol i iioro, The chotroce of LM 146 for the

3 first stages of the amplifier was made because of lower noicse

specifications for the unit ( see Appendix D for data for

particular devices).

To achieve the very high input impedance reqguired for the
monitoring of a high source resistance brain signal, a
differential input 1s required. Standard inverting or
:‘ noninverting amplifiers using simple voltage divider feedback
connections reduce input impedances below the source
impedance. Furthermore, a change in feedback éo increase the
‘ input impedance causes a reduction of gain certainty,
effectively reducing the common mode rejection ratio (CMRR) I

(19:218). The solution t©o the problem 1is the compound

LK differential amplifier known as an instrumentation amplifier.
As seen in Figure 3.4, the amplifier is composed of 2

noninverting amplifiers commonly connected through a floating

ground.

Figure 3.4. Instrumentation Amplifier

L)
R3 R4
3

R 9
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Tocas are used o dnputs to Yy Jdifforence ampliiior which
provides bLhe comnon node rejection. The problem with this
circuit 1is that to achieve the highest possible common mode
rejection, the gain of the input amplifiers and of each leg

of the difference amplifier must be exactly equal. Because

of the floating ground arrangement of R1, the common mode

gain of each of the first amplifiers is wunity and the
difference amplifier produces the required CMRR for the
system. To provide as equal gains as possible, resistor
valbes for R2, 3, and R4 must be 1% values.

Design was accomplished so the first set of amplifiers
has a 3 db cutoff point near the required 100 KHz. Some top
end room was left for expandability and rolloff. The gain

for the first stage is given by equation 3.2.

A = (1+2(R2/R1)) (3.2)

Fairly 1low resistances were used in the first stage to
improve gain certainty and reduce the effects of resistor
noise in the total noise of the amplifier. A gain of 21 was
chosen for the first stage and was implemented with Rl = 6.8
kilohms and R2 = 68 kilohms. Each amplifier provides a gain
of approximately 10.5. Fcr a bandwidth of 150 KHz, the
required gain~bandwidth product was 1.6 MHz. From the tables
in the data sheets for the LM146 (see Appendix D), the

required I_.. is 20 microamps at the lowest exceptable

operating voltage of 4 volts. This requires a 68 kilohm
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Tolger bandwidonh e avoid a double poule or  the cocnoer

frequency. Matched sets of resistors with values of R3 = 22

bl bbbl

kilohms and R4 = 1&0 kilohms achieve the gain of 8 using

PR

equation 3.3.

e L“A‘

A = R4/R3 (3.3)

The large bandwidth does not introduce any significant noise %
since front end noise 1is already 20 times greater than any :
contribution in the second stage. Finally a third stage (not i
shown) completes the amplification using a common inverting 1

amp with a gain of 5.6. Here no specilal resistors are needed

and the gain is achieved by an input resistor of 100 kilohms

ol hentandend

and a feedback resistor of 560 kilohms.

Breadboarding of the design requires adherence to good
symmetry. Layout of wiring paths and resistor placement
should be equidistant from onboard noise sources 1like
oscillators and switches. Also differential inputs should be
a twisted pair of wires all the way to the electrode array,

so that any coupled external noise is exactly the same in

4_’;..;,4.__“”‘..,..

each 1line. This way the common mode rejection of the E

g

amplifier will remove any unwanted noise. Other precautions

are to keep smoothing capacitors on the supply lines

A i nd

physically near the amplifier to help suppress switching

RPN )

transients caused by CMOS gate switching. Great care should

be taken to make sure symmetry and matching are well adhered |

<z
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mode noise.

Synchironization Encoder. The synchronizaticn

encoder's Cesign okjective is to place a readily
distinguishzable mark in the waveform to give the recorder the
knowledge of where in the array each particular voltage came
from. To accomplish this marking, a sync pulse from the
electrode array must be high for only 1 time period when a
single electrode is on. The AFIT electrode array provides
such a signal when the 256th electrode 1is turned on
signifying the end of the count and the return to electrode
1. The ercoded mark must be separable from the samples
taken by tne electrodes and not be corrupted by the signal
present on the 256th electrode. To accomplish such a mark, a
simple voltage level greater than any produced by the
electrodes will take the place of the 1level on the 256th
electrode. A switching network (see Figure 3.5) made of 2
analog switches from a CMOS CD 4066 provides a means of
placing the multiplexed PAM output of the electrode array on
the line when the sync level is low and placing the voltage
marker on the line when the sync level is high. To create a
reference voltage for the marker, a single forwardly biased
IN914 diode was used. This was used to provide a fairly
stable voltage reference while supply varies from 5.5 to 4
volts. Low power is achieved by use of a 82 kilohm biasing

resistor.
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Figure 3.5. Synchronization Encoder

This approach was used over a Zener diode because of low
power and a non critical bias point.

From test results taken on the diode used, a 82 kilohms
bias resistor produces a 0.216 volt reference which varies no
more than four one hundreds of a volt over the projected
supply range and uses a maximum current of 30 microamps. The
reference voltage needs to be approximatetly 0.6 volts to
produce a level significantly larger than that applied by the
electrode signal. A summing amplifier (LM 358) multiples the
references voltage by 3 when selected by the switching
network and the multiplex electrode signal passes through
unmodified when selected: The complete system can be seen in

Figure A.1 in the Appendix A.
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Lotornal ryoued aesoga e concoobtoed by capacliolve coupling.
To prevent siqgnificant tilting of output waveforms, the
capacitive wvalue must be fairly high. DC blocking 1is
necessary Dbeoause signal voltage levels at the sync encoder
network need to be added from the same ground reference
point. Capacitive coupling between the encoder and FM
modulator is needed to set the DC bias which must be added to
the modulator input to achieve the most 1linear modulation
point. Tnhne required DC bias is produced by a voltage divider
macde from a potentiometer connected across the 5 volt supply.
As the supplv varies so does the operating point causing
recduction of the linearity of the modulator characteristics.

However, so long as the signal remains reasonably monotonic

the data taken under nonoptimal conditions are usable.

External Circuitry

Overview. The external circuitry of the
communication link is a receiver using integrated circuits to
provide front end amplification, phase locked demodulation,
and baseband filtering and amplification for  further
processing. The following sections will describe the
system's designs, and the procedure taken for making a usable
breadbroaded receiver. As in the internal system, the order
of development in this section will be the order in which the

design was undertaken.
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cenodulatcr was undertaken knowing the design of the internal
modulation system. The first objective when designing the
modulator was to keep the carrier frequency in a range which
could be easily demodulated by a phase locked loop. Changing
supply voltages over the operating period of the modulator
and variable resonance points for different loadings of the
output transmitter coil force the demodulator to track slow
variations of center frequency without degradation of the
received signal. The best solution is the phase locked loop

depicted in Figure 3.6.

PHASE LOOP
DETECTOR FILTER
Flsy »ANALOG
ouT
VC'
=Ko Ve

VOLTAGE
CONTROLLED
OSCILLATOR

Where: g, = Phrase Argie of V(GO (rad)
G8; = Phase 4angleof Input Sig(rad)
Kyg = Phose Detector Goin (rad/sec)
Ky =VCO GOintrad/sec-V}
vV, = 2hase Detector Output Voltoge
Vv = VCO Con‘trol Voltage

Figure 3.6. PLL Demodulator

The principles of phase locked loops are well known and will
only be generalized here to aid in the understanding of the

design procedure taken (22;28).
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redd 1oop has its foundations firmly inplanted in
ros b ocontrol theory.  As depicited in Figure 3.6, the

lecwot loop 1s composed of a linear phase detector, a
Low o pass Filooring network, and voltage controlled oscillator
-cusnly 1s controlled by an external voltage, The
vr s deterztor compares the phase of the periodic input to
rne phase of the output of a voltage controlled oscillator
vooducing an output  voltage proportional to the phase
difrerence,. This voltage 1is then lowpass filtered by the
icop filter tc produce a low freguency control voltage to be
cuwlicd to th=2 VIO. The control voltage shifts the operating
poirnt I the oscillator in the direction which reduces the
rence Irn phase. When the loop is in lock, the changing
freguerncy oI tne FM modulated carrier is tracked as the loop

vroduce a constant phase error. The ability to

apture andé track a modulated signal 1s a function of the

¢
IS

(8]

loop filter design.  For slowly changing modulation, only a
small amount of inforwmation 1s extracted by the low pass
filter, reauiring a low bandwidth filter. As frequency of
the modulating signal goes up, the information content as
w211l as the bandwidth of the low pass filtering network goes
up. Filter parameters must be tuned to handle fast
transients, otherwise high frequency components may be
2t tenuated or delayed. The overall functional relationship
of the response is a function of the loop gains Kp, the gain

of voltage due to the difference in phase, and Ko' the:gain
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Nickel-cadmium batteries provide a reasonable solution

to the rechargable power supply problem. The batteries have
a good power density and the best cycling characteristics of
the available cells. Because the technology has existed
since the middle nineteen sixties; developments well suited
to the implanted system have emerged. Nickel cadmium cells
have been hermetically sealed with any internally created
gases forced to recombine within the cell. Fast charging
cells allow quick turnaround times (at least better than
earlier cells with 12 to 24 hour rates) and do not heat
excessively when over-charged at fast charging rates. ToXic
gas retention and =cool operation keep the implanted power
supply compatible with the surrounding tissue.

Radio freguency powering transmitter consideration comes
from the need for efficient safe power +transfers to the
rechargable cells. The skin and other body tissues present a
very lossy dielectric around the implanted coil and between
the coils forming the inductive couple. Because body tissue
is conductive, a skin effect exists where signal strength
exponentially decays with distance measured in wavelengths of
the RF signal. This means the implanted coil should be as
near to the surface as possible and lower frequencies provide
better penetration. However, implanted coils operate more
efficiently at higher frequencies, making for a tradeoff of
depth of implanted coil versus frequency of operation.

Coil size and shape consideration also play a

significant role 1in the design of radio frequency power

4-5
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Coomon name

Nickel-cadmium

Silver-cadmium Lead-acid Silver-zine Lithium*
(sealed) Titanium
Disulfide
ileg:rochemical Nickel-cadmium Silver-cadmium Lead acid Silver zinc Lithium
systen
Voltage/cell 1.2 1.1 2 1.5-2.1 1.5-1.9
tegative Cadmium Silver oxide Lead cal~ Silver zinc Lithium
electrode cium/anti-
(anode) mony
Positive Nickel- Cadmium oxide Lead Zinc Titanium
electrode hydroxide dioxide disulfide
(cathode)
Electrolyte Aqueous solu- Potassium Gelled Potassium -
tion of potas~ hydroxide solution hydroxide
sium hydroxide of sul-
phurice
acid
Cycle life 300 to 2000 150 to 300 200 to 400 25 to 100 -
Typical 20 mh to 100 mah to 30 mAh to 50 mAh to 70-90 mAh
capacities 10 Ah > 50 ah 25 Ah > 50 Ah
Energy density
W h/kg 26~35 48-75 17.5~-22 88~110 22-24
W h/cm? 0.079-0.103 0.091-0.165 0.067 0.153-0.195 0.085
Temperature
range:
Storage -40-140°F ~85-1659F -40~100°F -85-1659F -
Discharge -40-1400F ~10-165°F =76=1409F ~10-165°F -
Charge 32-113°F 32-115°F 32-113°F  32-115°F -
Shelf life Fair Fair to good Good Fair to good Good
Cost:
Initial Medium to high High Low High -

*Preliminary spec. for Battery Division, Zxxon Ent. Somerville, NJ, U.S.A.

Table 4.1.

Secondary Cell Characteristics
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displaying good to excellent voltage stability over most of
the operating range and high energy densities. However,
cyclability, a key to long term implantation, fails with
these cells. Also the high purchase cost and 1lack of
availability make the silver base cell impractical for
implantable systems. Inexpensive lead-acid batteries 1look
promising at first, but low energy density and the
possibility of leakage of the very toxic gelled sulfuric acid

into the tissue, remove lead-acid cells from consideration.

SILVER-IINC

e 8ILVYER-CADMIUM
: Z
1.0 . .
0.8 = NICKEL~CADNIUW
0.8

LZAD-ACID

CELL vYOLTS
-
)

RELATIVE DISCHARGE TixX

Figure 4.1. Secondary Cells Discharge
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To accomplish recharging, a radio frequency transmitter is

employed. The characteristics of the powering link are:

1. High efficiency.
2. Spectrally pure transmission frequency.
3. Transcutaneous power transfer using inductive coils.

4. Capable of delivering 250 milliwatts of power
through the skin.

5. Adjustable charging rates.

The following section will describe the choices considered

for this design and then present the design.

Design Considerations. Designing a suitable power

supply for an implanted system requires the evaluation of
presently availlable power sources and recharging systems.
Rechargable or secondary type batteries where chosen over
nonrechargable batteries or primary type because of the
inherent advantages for long term implantability and higher
current supply for short periods of time. This does not come
without some difficult disadvantages, such as lower power
densities, unsteady voltage characteristics, and an awkward
charging apparatus. Presently available rechargable cells
include lead-acid, nickel-cadmium, silver-cadmium,
silver-zinc and experimental lithiums whose discharge curves
and characteristics are shown Figure 4.1 and Table 4.1
(31-233, 234). Silver-zinc and silver-cadmium cells would

appear to be the optima’ choices for telemetry systems,
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IV. Power Supply and Support Circuitry

Introduction

This chapter will describe the design of the power
supply and necessary support circuitry to keep the
transmitter and the electrode array functioning. The two
areas covered are the powering supply for the implanted
system and the clocking oscillator necessary to step the
array through each electrode position. The designs will be
discussed first by what considerations were required to
produce the design and second, what are the details of the

design and how they came about.

Power Supply

Qverview. As mentioned 1in the detailed analysis
section (Chapter 1I), the powering source has some very rigid

requirements. The power source must be:

1. Rechargable over many cycles.
2. Stable in voltage.

3. Able to supply approximately 35 mA of current at 5
volts.

4. Externally switchable.
5. Operate at rated current for at least 1 hour.
6. Compact

7. Biologically compatible
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Dooiumiuy o e amplicier chip. These swmonching capaciiors

help remove parasitic high frequency noise from the ground
connection and give clean outputs of the broadcasted signal.

The complete design is shown in Appendix A.
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The paral o stage 1s o a 2ud order bulterworth active filter

depicted in Figure 3.9 (30:169-170).

c,
—

R R b—20

I

Figure 3.9 2nd Order Butterworth
The filter's cutoff 1is at 150 KHz and has a dampening
coefficient of .7071. Using the design equation seen in
equation 3.6 and 3.7 and choosing C2 to be 220 pf, the

required resistance is 3.3 kilohms and Cl is 470 pf (29:235).

R = (¢/v,)/c, (3.6)
c, = (1/8)2/¢, (3.7)

The filter demonstrates good stability and 1linear phase
throughout +the baseband causing no distortion in the
waveform. The final output is clean with only a slight high
frequency component due to ground fluctuations. In
breadboarding, 10 microfarad capacitors were placed from the

positive and negative supply 1lines to ground in. close
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OO retrioval soction of the phase locked doop.  This produces
large amounts of high frequency noise superimposed on the

desired output waveform causing the necessity of several

PRI N S U

additional levels of low pass filtering.

P N W R

Y2 S§UH 14

572
TLRNS

200PF

3 M
DA,

FM

RF 1.5
S/IGNAL

IN

33
Rodj I

lox =

Figure 3.8 RF Amplifier

}
!

The filter arrangement incorporates 3 levels of active
filtering using a low voltage quad operational amplifier,
LM 324. The first stage of amplification provides a gain of
only 2 and low pass filtering at 500 KHz due to the limited
frequency response of the op amp. High frequency noise still
corrupts the signal because the amplifier's feedback network

allows some high frequency to pass through. The second stage

of the baseband filtering is an unity gain amplifier
producing filtering action due to its limited frequency
response. This removes more of the high frequency noise but

some is still detectable.
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decoupling from the power supply was accomplished using a low
pass filter of a 22 ohm resistor and a .33 microfarad
capacitor taken to ground on both the plus and minus
supplies. This significantly helps the problem  but
additional smoothing capacitors of 10 microfarad between
ground and each supply line had to be used to eliminate the
interference to controllable levels. Even with elaborate
decoupling techniques, 1long signal 1lines are sufficient
antennae to couple 1in significant voltage. Keeping the
signal path o¢f the amplifiesd RF input to the PLL short,
greatly improves tracking and distortion levels. Maximum
distance betwsen internal transmitter coil and an external
receiver coil is limited not by the received signal level but
rather the amount of noise generated by the voltage
controlled oscillator of the demodulator. If a larger
separation distance of the «coils 1is required, simple
cascading of 2 or more LM 733s will provide sufficient gain
to amplify a signal into the 100 microvolt plus region. The

complete RF amplifier is shown in Figure 3.8.

Baseband Amplifier and Filtering. The baseband

amplifier and filters provide high frequency noise removal
from the analog signal output of the phase 1locked 1loop.
Because of the high bandwidth required for good reproduction
of the staircase-~like electrode signal, it is necessary to

use a low value of capacitance for the lowpass filter in the
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is 1.0 cm away frem the wodulator coil, a gain of 5 is
sufficient to produce reliable results.

the design of the input coils and tuned circuits are
consistent with the objective of reduced losses by keeping
the inductive reactance at resonance relatively low.
However, because the c¢oil is totally surrounded by air, and
eddy current losses 1in the tissue only occur at close
spacings, the Q of this tuned circuit 1is relatively high. To
avoid non linear distortion of the modulated signal over the
signal banéwidth of approximately 500 KHz, a low Q circuit is
necessary to prevent freguency dependent amplitude
attenuation away from the center frequency. An unloaded Q of
the circuit should be approximately 20 to allow operation at
a distance greater than 1 or 2 inches where coupling is weak
and there is little loading of the tuned circuit. To achieve
such a Q, the input impedance 1is effectively formed by the
input biasing resistors to ground of the LM 733. To produce
an unloaded Q of 20, the required resistance in parallel with
the tuned circuit is about 3000 ohms so the bias resistors
should be 1500 ohms apiece. To tune the coupling coil, a
capacitance of approximately 150 pf is required. A 200 pf
variable capacitor provides sufficient range for tuning of
optimum center frequency as the center frequency shifts with
loading.

Breadboarding of the design once again demonstrated

difficulties due to high frequency coupling to the voltage

3-23
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internal resistance of the unit was high, making the cutoff
frequency fairly low for a small output capacitance to V-. A
470 picofarad capacitor from pin 14 to V- provides some low

pass filtering but the 9 MHz carrier frequency dominates the

Wi

signal, requiring additional low pass filtering. This will
be discussed further in the baseband amplifier section of

this chapter.

. W%

RF Amplifier. The radio freguency amplifier which

precedes the demodulator circuitry, provides amplification of 1
the modulated carrier to a level where the widest possible »!
locking range is achieved. From the chart in the data sheets
of NE 564 (2Zppendix D), it can be seen that the lock range

begins to fall off a2t the 100 millivolt range. Because the

. N

coil spacing will wvary depending on application and

positioning of the receiver coil, a variable gain front end

is required. The higher frequency requirements of a 9 MHz

SR

carrier and the need for high, stable gain leads to the

A a A

choice of the LM 733 video amplifier to provide initial
amplification. The gain of a single differential output can %
be varied from 5 to 100 by varying a simple external resistor

in the feedback loop of the amplifier (see figure 3.8). The

i .

LM 733 amplifier is rated at higher gains, however the use of

only one of the differential outputs and an operating voltage

et

less than that used for the specifications cause total

available gain to be reduced by a factor of 4. With typical
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adjusted so the gain is

Figure 3.7. FM PLL Demodulator

the 10 kilohm potentiometer

sufficient to provide

tracking and dampening of the loop is such that the square

wave

adjustment procedure).

response has no

ringing (see Appendix C for

the

Also the choice of a 560 ohm pull up

the resistor for the TTL output of the VCO was to eliminate

amplitude modulation effects

between frequencies.

demodulated signal causing distortion.

seen when the VCO was swept

Amplitude differences bled into the

Another problem in

breadboarding results from the recovery of the modulated

signal at the analog output. The DC extractor circuit of the
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Kz bandwidth requires a maximum capacitance of 1000
picofarad for signal reconstruction and tracking. A some-~
what smaller capacitors will provide better lock range at the
expense of extra noise in the received signal. This simple
low pass filter 1s sufficient for the needs of this
application. However, if a Dbursty or ramp freguency
modulation is used, a second order lead lag filter will
provide additional control over dampening rates and natural
frequency responses of the system. Using the 1000 pf
capacitor produced good results but required a high bias
current (variable gain control on pin 2} to achieve good
results from the demodulator. A complete circuit diagram is
shown in Figure 3.7.

Breaiboarding the design proved to difficult because of
the high <fregquency and high current of the device. Power
supply dzscoupling was a necessity because high current
transients caused by the VCO's 3 volt p-p signal into a 560
ohm load interfered with the input signal and the reference
ground of the loop filter. This decoupling was accomplished
with a low pass filter composed of a 47 ohm resistor and a

.33 microfarad capacitor attached to V- (reference ground for

the phase lock loop) in the supply line to the PLL.
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wide a capture and lock range the PLL will have.

PLL Design. The choice of phase lock loop was

determined by availability and performance. A Signitics NE
564 phase lock loop was chosen for this application because
of 1its high operating frequency characteristics. Low 1loop
gains did prove to be a hindrance in design and will be
addressed here and in Chapter V. Referring to the data sheet
(see Appendix D), the capacitance (C), in farads, required
for a given center frequency (Fo), in hertz, is given by

equation 3.4.

C = 1/2500 Fy : (3.4)

For 9 MHz, approximately 44 picofarads is required and is
implemented with a 10 picofarad capacitor in parallel to a
variable 5 - 60 picofarad capacitor.

Implementation of the loop filter is done by capacitors
at pins 4 and 5 to ground, with two poles in the loop given

by equation 3.5.

1/RC (3.5)

£
1

where

x
1

1.3 kilohms (internal)

The low pass filtering performed by the capacitors should be

sufficiently wide to encompass the highest modulating

3-19




transmitters. Because the coils are air wound and separated,
magnetic lines of force are not as ideally coupled as in iron
core transformers. This nonideal coupling forces
consideration of distance tolerances, and misalignment
tolerances in the design of the coils. These problems in the
design are treated in depth 1in the literature (32:612-627;
33:634-640; 34:177-186; 35:177-183). The key points to
design are good impedance matching of the load, optimal coil
spacing, relative diameters of transmitting and receiving
coils, and frequency of operation. Due to the tuned nature
of the designs, high Q circuits and good spectral purity

makes for more efficient designs.

Powering System and On/Off Switch. In reviewing the

literature, a radio frequency powering system design«.t by Dr.
Dean C. Jeutter of Marquette University, showed direct
applicability to the design problem presented in this thesis
{36:314-318). In order to keep design times reasonable and
produce a functional system within the time of this thesis
work, Dr. Jeutter's design was used. Some modifications were
necessary to produce a working design, however, the
transmitter was reproducible and produced excellent results.
The modified system shown in Figure 4.2 and Figure 4.3,
represents a very <close adherence to the design in the

literature.

R NRUTITOTN W WIS W W Sadea 3 Y W Wy T P o




T

Sk i

1931 TWSURIL I9MOd [BUISIXI ¢y 2anbtd

(700 NO'SSASN7TE_.
i\ﬁ)\ﬁu AHTAIHS
’ HINHO SN YYML

97 SrOSNWLNOSNVYHL gv3i§ 31589331 -0

) ,5009-051

- EEEIE:]

luw " oL E—

h\MUUOO|Qﬂ

fle

K - Y 2 01
Y @ - % * S O . .
L afata 2 ahe s 4 a-a_a IO I el W RSP TR S L aaa e . e C .




L))

REED

IN9IG INSI4 5 SWITCH V+x 2.5 Volts
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= 2.5 Volts
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CENTER TAPPED

L L . S

Figure 4.3. Internal Power Supply

The following paragraphs will give a generalized overview of
the operation of the system and the modifications required to
get the breadboarded version to operate. For more detail
than is presented here, the interested reader should read the
paper presented by Dr. Jeutter in the IEEE Transactions of
Biomedical Engineering, 5 May 1982.

The system used in this application closely follows the
block diagram presented in Chapter I1I for the requirements
for the RF powering system. In the front end of the
transmitter is a 3.58 MHz <crystal controlled Pierce
oscillator made using a 2N2222 transistor. This produces a

stable sinusoidal oscillation for further power amplification

4-8
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and filtering. The signal is then power amplified in a 3
stage amplifier section. The 2N2222 buffering stage performs
a linear class A amplification of the oscillator output and
performs the needed impedance transformation to drive the
2N3053 driver stage. The driver stage performs the first
significant level of power amplification. The driver also
operates linear class A and has an adjustable gain by varying
the amount of DC emitter bias current. The 24 microhenry
tuned primary of the coupling transformer between the driver
and the power amplifier performs filtering and the 5 turn
secondary provides impedance matching to the output
amplifier. The power amplifier stage is a high efficiency
class C amplifier using a MRF 433 power transistor. The
power amplifier drives a tuned T section output stage which
provides filtering to a 3.58 MHz sinusoid and impedance
transformation from 55 ohms to 50 ohms to allow the use of 50
ohm cabling to connect coupling coils to the unit. The
output of the T section is then series tuned with the primary
of the transcutaneous coupling transformer to provide maximum
power transfer. The supply voltage for the power amplifier
is on-off switchable wusing a 2N3053 transistor as a
transistor switch. This allows power conservation when
charging is not required and prevents running the unit at a
mismatch when positioning the coils. A 33 volt, 10 watt
zener diode prevents destruction of the power amplifier
transistor when impedance mismatches cause large standing

wave ratios in the output section.
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The internal section.of the powering device is composed
of the receiving coil, a full wave rectifier, battery back,
and an on-off switch. The receiving coil is a 9 microhenry
parallel tuned coil, center tapped to be used as part of a
full wave rectifier. A 0.01 microfarad capacitor provides
smoothing of the charging voltage from the full wave
rectifier. A steering diode and a limiting resistor provide
suitable conditions for four series connected General
Electric KO01X113AA-50-3 Ni~-Cd 1.2 volt cells. A low rurrent
resistor network allows monitoring of changing voltage to
know when the fully charged condition occurs (maximum Vcr
voltage). This can be used to provide feedback through the
biotelemetry 1link to know when the unit is fully clarged,
however, this is not implemented in the present design.
Magnetic reed switches provide external switchability by the
use of close proximity magnets at the skin surface above the
reed switch. Two 30 uf capacitors provide supply smoothing
and create high frequency current paths through the power
supply lines needed for the radio frequency oscillator.

Breadboarding Dr. Jeutter's design required some minor
changes in the circuit. The Pierce oscillator as originally
configured produced oscillations that went rail to rail
causing the 2N2222 buffer stage to be over driven producing a
square wave output. To &ttenuate the oscillation enough to
operate the buffer linearly, the 220 pf capacitor from the
collector to ground was increased to 3000 pf. Instability in

the driver stage at high gains forced a change in the bias
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point of the base of 2N3053 driver. Here a lk ohm resistor
was substituted for the 680 ohm resistor to ground. 1In the
receiver unit, the tuning capacitor was changed from 220 pf
to 150 pf for better tuning at 3.58 MHz. No other changes of

the design were required, however, details of the coils used

as transformers were unspecified. After personal

conversations with Dr. Jeutter, the coils and transformers

‘ were made to the following specifications: a
RF Chokes
" Size Type Core Turns Wire Gauge |
100 H High Q FT 50-67 67 30 ]
100 H Low Q FT 50-43 13 22
10 H Iron core, molded
‘DI Coils and Transformers :
Size Type Core Turns Wire Gauge
12.2 H High Q FT 50-67 24 22
, 11.7 H High Q FT 50-67 23 22 ]
(] 24.0 H High Q FT 50-67 Primary-33 22 r
Secondary-5 22
1:1 High Q FT 50-67 20 28-Bifilar
Breadboarding was accomplished on a single-sided copper clad 3
‘ L
perf board with land pattern made by cutting away the copper ?
in narrow strips around the patterns. Areas unused for land
pattern formed a suitable ground plane. g
- J
"9
Clocking Oscillator ]
The clocking cscillator provides the necessary clocking j
[ signals to sequence through each electrode. To do this, the |

oscillator must be implant compatible, NMOS electrode array

4-11
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compatible, low power, and easily reduced to a small package.

Within these constraints, the c¢ircuit should show good’

stability over varying power supply voltages and be
simplistic for high reliability. The choice of oscillators
turned to CMOS designs to provide NMOS compatibility and low
power operation. Because the modulator design also requires
an inverter to generate an encoded sync pulse, available CMOS
inverters were used to design the square wave oscillator (see

Figure 4.4) (37:AN88-3).

v
2R ouvt

Figure 4.4. Square Wave Oscillator

To make a working oscillator, it is necessary to keep the
feedback capacitor fairly small because the output stage of
the inverter cannot drive large capacitive loads. Using a
220 pf capacitor and R = 85 kilohms the circuit oscillates at
25 KHz. An adjustable resistor in place of R provides

tunability to the desired sampling rate. A complete design
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can be seen in Appendix A. In breadboarding the oscillator
care must be taken to keep the oscillator far away from the
amplifier section and smoothing capacitors must be used on
the power supply lines near to the inverter chip. This is
needed because the high switching speed of the CMOS devices
caused noise spikes on both the power supply lines and in the
inputs of the differential instrumentation amplifier,
especially as capacitive loading increases. Also to prevent
change of oscillation point due to capacitive loading of the
output, an inverter should be used as a buffer. If
additional power is needed to drive a large capacitive 1load,
several inverters can be used in parallel in the output

stage.
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V. Circuit Evaluation

Introduction

This chapter describes the testing and evaluation of the
breadboarded designs presented in Chapter III and 1IV. An
evaluation will be made whether a system can be built to
fulfill the necessary requirements of transmitting through
the skin sufficient data to reconstruct the signal of each
electrode in the array. Tradeoffs will be discussed as well
as their effect on system performance. Finally, system
performance with respect to final thick film hybrid will be

discussed, pointing out changes needed.

FM Modulator and Demodulator

Test Set Up. To test the operation of the telemetry
link, it is necessary, in part, to create a situation similar
to the electrode array in the brain environment. Because at
the time of this writing an operational version of a fully
multiplexed electrode array was not available, the prototype
couldn't be tested with a simulated brain signal. To see if
the device worked in the range of voltages expected to be
seen on the electrode array, an experimental set up was
necessary to demonstrate low voltage operation. Available
test equipment would only create voltage waveforms at a
minimum of 3 to 5 mV so a voltage divider network was
necessary to produce accurate working voltages on the order
of 20 to 50 microvoits. Source impedance for an electrode

can range from 1 kilohm to 20 kilohms, so a 10 kilohm source
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impedance Rs was chosen to demonstrate a typical brain

electrode. A simple voltage divider wusing a 10 kilohm
resistor as an output and a 620 kilohm resistor as the upper
leg reduces the voltage by 63 times, and two 10 kilohm
resistors provide the source resis£ance equivalent to what is
produced by an electrode. Figure 5.1 shows the details of
the test setup. To monitor the amplified signals an
oscilloscope probe was connected to the output of the LM 146
front end amplification stage. Another probe was attached to
the output o the baseband amplifier of the phase lock loop
demodulator. These test points give a good indication of the

sent and received signals making for an easy comparison .

PAM Amplification. Testing of the PAM amplifier

seeks to provide a characterization of the signal with
respect to noise, distortion, and accurate reproduction of
the input PAM staircase signal. First to test the noise in
the front amplifier and source resistances, the amplifier was
attached to the voltage divider network through 10 kilohm
source resistances. With no voltages applied, the network's
noise voltage was measured at the output of the PAM amplifier
and 1s shown in Figure 5.2. Since the noise voltage at the
input is 950 times less than the displayed value of 4 mV peak
to peak, the 1input noise voltage 1is approximately 4.5
microvolts. Using a battery applied across the divider
network, input noise voltage increased to 7 microvolts before

clipping of the output reduced the noise.
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Vert. = 5 mv/div. Horiz. = 50 ns/div.
Figure 5.2. PAM Amplifier Noise with
No Input

Clipping of the output occurred because the DC bias produced
by the battery, generated a large voltage across the output
resistor of the voltage divider which over drives the op amp.
Calculating the expected input noise voltage from a input
noise voltage of 35 nanovolts per square root of hertz for
ISet equals 20 microamps, taken from the the table in the
data sheets for the LM 146 in Appendix D, and a bandwidth of
150 KHz produces an expected input noise of 13 microvolts.
It is expected that the amplifier equivalent noise to be in

the range of 10 to 20 microvolts, when an actual signal is

applied.

PR Y P Wy e - v PP Py R W P W) PSP ST U AP N U A S AT S S | Il

P

. JROOEEE. It -

A9

aan N

PO N L)

@

" . .

e .

. (
PR |

O

Q.




R asul auars

— e R -

B R Lo Jiie Mt Alhati uiaths Mttt et it Mt Ml o= " T . T

The next step in determining the noise is to apply an
actual signal. First the ground lead of a signal generator
was attached to the ground of the voltage divider and the
output noise recorded (see Figure 5.3). The equivalent
average noise voltage at the sourée is about 46 microvolts.
This figure 1is very high and does not reflect the actual
noise in the circuit. External noise from the switching
power supply in the signal generator (approximately 22 KHz
from Figure 5.3), noise from operating devices in the room,
and nolse generated in the connecting cables adds to the

noise generated by the input amplifiers.

Vert. = 20 mvV/div. Horiz. = 50 us/div.

Figure 5.3. PAM Amplifier Noise with
Ground Lead Connection
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Using other signal generators gave little improvement, so
subsequent measurement and comparison are corrupted by the
high amount noise generated in the signal generator and the
noise picked up in the connections of the generator to the
input. Adjusting the gain of the’signal generator for a 45
microvolt square wave, produced the output waveform shown in
Figure 5.4. Square wave test inputs of 12.5 KHz were used to
demonstrate resolution between the voltages forming the steps
in the PAM signal which was multiplexed at 25 KHz. Riding
the square wave 1s 45 microvolts of noise from the
generator, and as it shows in the figure, there is a fairly
high magnitude sinusoid within that noise likely coming from

the generator.

Vert, 20 mv/div. Horiz. = 20 us/div.

Figure 5.4. PAM Amplifier Output for
a 45 uvV Square Wave
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Actual noise in amplification will depend on noise created by
the source impedance of the brain, in interfaces between tne
electrodes and the brain, and the noise in the amplifier

b itself. From data taken here and calculations made, it's

expected that the total noise will be about 10 to 20
microvolts peak to peak allowing a 20 microvolt resolution
with good certainty. This will provide adequate resolution
for the determination of voltages between electrodes which
are commonly between 100 and 200 microvolts.

Rise times and slew rates were also experimentally
determined to see if optimum performance could be achieved
over various input ranges. At low voltages, rise time due to
limited frequency response is the limiting factor on how soon
the voltage of the step is stablized and available to be
read. A 10% to 90% rise time for a low input voltage signal
was measured to be 4 microseconds or one tenth of the
electrode period and a 1% to 99% rise time was measured to be
7 microseconds or one fifth of the electrode period. This is
consistent with the calculated values given in Chapter II.

Slew rate limitations apply at higher voltages. To

determine the slew rates of the amplifier, a 3 mV input

ol )

signal is applied, forcing the amplifier to switch between
saturated states of the op amps. The maximum slew rate is
measured by calculating the slope of the rising and falling
ramps between states. The results of this calculation are

summarized in the following table.
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Op Amp Stage Edge Slew Rate

LM 146J Up 650 mV/us
LM 146J Down 650 mV/us
LM 358 Up 260 mv/us
LM 358 Down (1) | 115 mV/us
LM 358 Down (2) 250 mV/us

It was noticed that the output stage of the LM 358 which
feeds the FM modulator has some very non-linear
characteristics. The down sloping slew rate changes about
three quarters of the way down. At first a slew rate of 115
mV/us takes place followed by a slew rate of 250 mV/us. The
slow slew rate degrades the quality of the transmitted signal
by being slower than is needed to produce a stable signal in
one fifth of an electrode period . Another characteristic of
the LM 358 is overshoot as the voltage approaches one fifth
of the supply voltage and causes additional signal
degradation as the input signal approaches the 1000 microvolt
level. The LM 146J has no slew rate degradation within the
operating range of the input signal while the LM 358 degrades
at an input 1level of about 800 microvolts for the down
sloping output signal. The choice of LM 358 as the output
stage should be reconsidered for subsequent design,
especially if output levels to the modulator exceeds 1 volt
peak to peak.

Common mode rejection measurement for the unit were

taken to see 1if common potentials on the brain can be

5-8
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eliminated from the output. The test setup used both a zero
source impedance and a 10 kilohm source impedance. In both
tests the input signal was taken as a 50 mV peak to peak
sinewave, centered around ground, and then each differential
idput, through their respective. source impedances, was
connected to the signal generator. For source impedance of
zero ohms, the common mode rejection ratio varied from 73 db
at 500 Hz to 52 db at 100 kHz and showed slow change until
higher frequencies. Using a source impedance of 10 kilohms,
the common mode rejection ratio was 67 db at 500 Hz and 50 db
at 100 kHz, once again showing slow change until higher
frequencies. Due to most of the stray common mode energy
being at 60 Hz due to 1local power 1lines, common mode
rejection for the amplifier 1is more than sufficient.
Improvement in common mode rejection can be made by adhering
to stricter tolerances of the resistor values in the

differencing amplifier and fine tuning the actual resistor

values once the circuit is implemented.

Encoder and Summing Amplifier. The sync encoder and

summing amplifier provided adequate synchronization marks to
the PAM multiplexed signal. The synchronization mark
produced is a negative pulse of about 0.6 volt below the bias
voltage at the input of the modulator. The maximum voltage
expected due to the electrode is 0.5 volts given a 0.1 volt
margin in determining the sync mark. This 1s more than

adequate because noise levels are at 0.02 volts. When the
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supply voltage 1s varied between 5.7 and 4 volts the sync

pulse's amplitude shows no appreciable change. The analog

switches used to generate the sync pulse generates high speed
overshoot transients at the edges of the sync pulse but

‘ﬁ guickly dampen out. Simulated sync pulse operation shows

- that an adequate sync can be produced, however it is unknown
if the system used to demultiplex can extract the

3
L
ﬁ information.

. .‘,‘

Modulation-Demodulation Testing. Testing of the FM

modulator and demodulator was done on a gqualitative rather

'JL

than quantitative basis. Because the signal being input by
the voltage divider 1is corrupted by noise from the signal
generator, a visual method of evaluation of the FM

modulator/demodulator link is 1in order. By looking at the

<
.

collector voltage of the 2N2222A transistor wusing a 10X

probe, the actual output of the transmitting coil can be

4

- 3

: L

seen. When the oscillator was allowed to free-run with no 1
signal applied, it oscillated at 8.95 MHz with a variance of &
+ or - 100 Hz. As Figure 5.5 shows, the frequency is 1
9

modulated by a detectable amount when a 800 microvolt square B
wave 1s applied to the input of the PAM amplifier. Also i
notice that some amplitude modulation does occur as the 1
®

frequency 1is shifted, causing some distortion 1in the
transmitted signal. From the picture the difference between
the two frequencies 1s about 200 KHz and in good agreement

with predicted values. The 1input to the FM modulator has
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suitable bandwidth since no significant «change in the
modulation waveforms occur until the 100 KHz cutoff frequency
of the PAM amplifier is reached and earlier testing during
design stage rated the FM modulator input at about 150 KHz

before 3 db attenuation occurred.
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Vert. = 1 V/div. Horiz. = 0.05 ps/div.

Figure 5.5 FM Modulation At Collector

Higher maximum modulation frequencies can be achieved,
however reduction of the feedback capacitance, isolation
resistor and the Miller capacitance at the collector are
needed and makes for a much more difficult design.

Since the transmitting coil will be surrounded by

conducting tissue, it was necessary to test the modulator
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coil in a saline bath much like the human body would present.
A 6% saline solution, much higher than actual body fluid
salinity, was used and produced good results. A slight
decrease 1n center frequency was observed as well as a
reduction of the peak to peak collector voltage. The
resulting detuning of the transmitter coil by the lossy
surrounding fluid did not reduce the gain to a point where
the oscillator would not run within the input operating
range. A slight decrease 1in oscillator stability was
noticed, but changes where gradual and easily tracked out by
the PLL as a DC voltage. The design appears to be stable in
harsh body environments.

The signal reconstruction capabilities of the FM
modulator/demodulator are easily shown by the a direct
comparison of input and detected output signals of the
system. Antenna coupling for the testing of the 1link was
with a 1 inch coil spacing and a human hand as a surrounding
tissue. Once the demodulator system is adjusted as described
in Appendix C, the signal at the output of the PAM amplifier
and at the output of the demodulated baseband amplifier are
compared for accuracy. To more fully see the similarities
and differences, the two traces are normalized to the same
scale on the screen and shown on the following figures (top
is transmitted, bottom is received). The 45 microvolt, 12.5
KHz input signal demonstrates the ability to resolve even the
most cluttered signal with a reasonable probability, and a

finite difference between electrodes (45 uV) can be detected.
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Since the noise is primarily in the signal generator, a more
realistic noise is between 2/3 to 1/3 of what is depicted in
the photograph. At those levels, 20 microvolts will be
resolvable. The 150 microvolt input signal shows the typical
step size Dbetween adjacent electrodes and is  easily
resolvable by any post detection system. The 400 microvolt
signal shows a typical maximum deviation between adjacent
electrodes. Large voltage changes do not cause significant

overshoot at these levels.

Vert. = unca'. Horiz. = 20 us/div.

Figure 5.6. Modulation Input and Detected
Signal for 45 uV Signal
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Vert. = uncal. Horiz. = 20 us/div. ?

Figure 5.7. Modulation Input and Detected
Signal for 150 uvV Signal
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Vert. = uncal. Horiz. = 20 us/div.
Figure 5.8. Modulation Input and Detected »

Signal for 400 uVvV Signal
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Vert. = uncal. Horiz. = 50 us/div.
Figure 5.9. Modulation Input and Detected

Signal for 1000 uV Signal
The final photograph shows a 1000 microvolt input signal
and the non-linear distortion appearing due to the LM 358 op
amp. Overshoot is beginning to become significant, and the
output is being driven to its maximum slew rate on 1its
downward excursions. This problem should be addressed in a
subsequent redesign before a scaled down version is
implemented. All of the tests were taken with a 12.5 KHz
square wave reflecting a worst case 25 KHz sampling rate.
Figures 5.6 through 5.9 show excellent reconstruction of the
waveform at the receiver with only minor signal blurring at
low input voltage due to the demodulator's voltage controlled
oscillator signal bleeding into the ground and output.

Higher sampling frequencies can be accommodated, however the
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time available for picking off a stablized sample value would
be reduced.

The last side by side comparison of the modulator input
voltage to an output voltage is given by Figure 5.10. This
shows a linear triangle function of 12.5 KHz at 800
microvolts peak to peak and the received shape on the bottom.
The distorted waveform received shows the non-linearity of
the varactor circuit used to produce frequency modulation.
Comparing the shape to the predicted response taken by
applying DC bias as in Fiqure 3.3, shows good agreement.
Characteristics of the modulator are exceptable since the

transfer function is both predictable and monotonic.

Vert. = uncal. Horiz. = 20 ps/div

Figure 5.10. Modulator Input and Detected Signal
for a 800 uV Triangular Signal
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The modulator apparatus was then run using various

supply voltages to determine the range of the system. Using
a variable power supply, the supply voltages were varied and
the effect on the circuit monitored. The PAM amplifier was
the most dominate in the failure to work at certain supply
levels. When the supply voltage reached about 3.8 volts the
PAM amplifier discontinued operation. At levels above this
point the system operated but quality of the detected signal
had degraded. Large 1input signals had the most noticeable
change because of more significant overshoot in the LM 358,
loss of frequency response of the op amps, change of
modulator bias point, and the reduction of the center
frequency. The modulator continued to work through out a ¢
to 6 volt range, however loss of percent deviation, reduction
of center frequency and the loss of stability occurred at
lower voltages. Although the system 1is not optimum
throughout the entire operating range of 4 to 6 volts, the
modulator did perform adequately and the demodulator was able

to track the changes in the system.

RF Powering Testing

The radio frequency pcwering circuits was tested for the
capacity to operate in wvarious operating conditions,
vroducing reliable and predictable results. Although
calibration curves are not presented here, a description of
liow Lo generate such a curve once an actual implantation 1is

madr will be described. Testing the powering unit involved
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checking frequency stabilily, output purity, and the ability
to supply desired charging currents. After adjusting the
powering unit as specified in Appendix C, the following

characceristics were obtained with a 1.5 cm air spacing.

1. Oscillator frequency 3.578950 MHz, + or - 10 Hz

2. Charging current from .1 mA to 150 mA before self
oscillation.

3. Power input and charging current peak at distance
orginally tuned.

4. 40mA charging current occurs at power supply current
at draw of 120 mA.

5. Design 1is reasonably misalignment tolerant with
losses at 15 to 20 % at 1 cm off axis.

6. Qutput waveform of the transmitter 1s sinusoidal and

of excellent spectral purity.
Tharacterlstics of the RF powering unit show high sensitivity to
nowering levels used when initial tuning is done. For optimum
performance and efficiency, the unit should be tuned at power
l-vels to be used during recharging. Output impedance and
loading are highly critical of power levels. High power
‘nstablility of the driver and output stage (gain potentiometer
greater  than 3/4) was noticed and attributable to several
sources.  The beginning of high power instability correspondes to

e point where the collector of the power transistor begins

ity clipped by the 33 volt zener protection diode. This forms
4 drrect current path from the collector of the power transistor
s thee input of the driver unit through the ground plane and the

Dianiny resistor creating a positive feedback path. Another
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Circuit Diagrams
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Future Research Areas. The design of this thesis

only allows for outward communication of data collected on
the brain. To more fully understand the functioning of the
brain mapping, a way must be developed to stimulate
individual BCE's at will and be able to notice its effects in
other areas of the brain. This inward communication system
has been proposed, and a feacibility study undertaken by Lin
(39:365-366). Parameters which must be controlled externally
are: stimulation voltage, frequency of stimulation, pulse
width, and whether a particular electrode is on or off. The
system could possibly use a small microprocessor to control
the sequencing and UART to decode the digital information
stream sent by the inward communication 1link. A simple
single electrode stimulator system using an UART and control

logic has been developed 4t Marquette University by Murawski

and Jeutter (40:608-611). Such a system would give the
capability of a 2 chip total system where data is written to
the brain and then the results monitored in another area of
the brain. As well as helping to determine a mapping of the
visual cortex, the system may allow the generation of visual
patterns on the brain for those who have lost their sight due

to damage of the visual pathway.
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consumption, and since the unit operates at a relatively low
frequency of 25 KHz, the dynamic power would be significantly
less than the NMOS implementation.

CMOS circuitry also possesses some very useful
advantages 1is design. Current A  NMOS implementation has
limitations of how large of a positive voltage can be passed
through a turned on pass transistor without turning it off.
This could prove to be a limitation if the array is used as a
neural stimulator as described 1in the next section. CMOS
integrated circuits use complimentary gates in parallel for
pass transistors which improves on channel resistance and
provides a symmetric and full range of allowable input
voltages.

The most notable feature of CMOS devices 1is that a
simple CMOS inverter can be used as a high gain amplifier
when a bias resistor is ©placed from output to input
{(37:AN88-1-3). This design allows them to be treated like an
op amp with maximum voltage gains of 40 db and gain-bandwidth
products of 10 MHz at the 5 volt supply range. Gains of 10
to 20 at the columns of the array could provide enough gain
to get the signal out of the noise on the chip, and then
wideband amplification could be used on the fully multiplexed
signal without the fear of adding significant noise to the
signal. By using this method, much larger arrays could be

produced.
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than slew rate of the LM 358. Also to be considered 1in
redesign 1s the FM modulator used for the system. The
present system modulates a 9 MHz carrier by 150 KHz or a 2%
deviation. For any modulator this is a very large amount of
modulation with a non-linear device such as a varactor diode.
At a frequency greater than 50 MHz, the deviation of 150 KHz
is about 0.4% or 1less making for a much better 1linear
approximation of the tuning curve. This would also require a
redesign of the demodulator to a stable heterodyning front
end and a PLL decoder for the frequency translated signal. A
high frequency PLL such as Exar XR-520, Signetics NE 560,
561, 562 or individual subsystems made by Motorola and
others, allow for better linearity, better signal to noise
ratios, and more flexibility in design than the Signetics NE
564 wused here. Once these changes to the design are
implemented, the design should be laid out as a miniaturized

thick film hybrid as described in Appendix F.

Redesign of Electrode Array. It is recommended that

the design of the electrode be changed, if possible, to
reduce power requirements, improve signal transfer, and
provide on board amplification. The present design of the
AFIT electrode array is implemented in NMOS with PLA's and
pass transistors used to multiplex the signals. The PLA's
generates substantial static resistive loading and consumes
large amounts of current (20 - 25 mA). The use of CMOS in

the design would significantly reduce static power
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[}‘ 4. System simplicity allows scalability of breadboarded
B design to a small hybrid implantable system (Appendix
F).

( 5. Trade-offs of gain, power, bandwidth, and noise
within integrated circuit voltage amplifiers limits the
multiplexing of wunamplified brain signals to level
somewhat higher than 256. This makes proposed arrays of
thousands of electrodes unfeasible at this time.

6. The probable size of power supply, amplifier and
telemetry requires, chest cavity implantation with wires
to the electrode array run under the skin.

7. Common mode rejection is sufficient to remove
?e background common mode signals at 5 millivolt levels.

Recommendations

In the progression of this thesis effort, many
4 recommendations came to view which are needed to fully
develop a high quality electroencephalogram - telemetry link
for large electrode arrays. The areas of recommendation

-
,‘ " include: redesign for this prototype to a scaled implantable

system, redesign of future electrode arrays and future

PP

systems using implantable electrode arrays and communications

(J .

* links.

¢

3

{ Redesign of FM Telemetry System. To improve the

r’ dynamic characteristics of the telemetry 1link some circuit

f design changes should be undertaken, First the summing

1 amplifier, modulation driver stage using the LM 358 should be

3

| ¢ eliminated and the summing amplifier for sync generation

2

¢ incorporated with the last gain stage of the LM 146J. This

}

¢ will reduce power requirements and give the FM modulator a

b_! signal limited by frequency response of the amplifier rather
6-3
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monitoring equipment does not effect the responses, it 1is

possible to 1increase the understanding of the perception

v

N

process.

Effective monitoring of a large number of BCE's in the
visual cortex requires a long term implantable system where
the presence of the system does not evoke unnatural changes
in the data collected. Long term implantation will remove

the effects of transient localized trauma, infection,

a8

anesthetic and antibiotic drugs, and biological rejection.

Consistent and accurate data collected in this way, are

required to develop a good model of the actual transformation
occurring between the primary and secondary visual cortex.
The system developed by this thesis shows that it is
feasible to build a system wusing commonly available
integrated circuits which can transcutaneously couple out the
data produced from a 256 electrode array. From the results
of the bread boarded prototype of the system, the following
conclusions are drawn:
1. High bandwidth (100 KHz) and low power (18 milli-
watt) 1implantable electroencephalographic communication
channels can be made but at the expense of increased
noise (10 - 20 microvolts) and associated loss of signal
voltage resolvability.
2. Signal to noise limitations of telemetry system are

due to the front end (PAM) amplification of low level
brain signals rather than by the FM communications link.

3. Single frequency RF powering of rechargable cells
provides a suitable power source for high current (35
mA), short usage (less than 2 hours) systems, and adds

the capability for long term implantability.
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VI. Conclusions and Recommendations

Introduction

An investigation into the past research and the :
underlying theory involved in the visual information

[ processing system was conducted. That investigation produced

g ;l | e

the need for an implantable system which can transcutaneously

transmit data from the implanted electrode array and receive

N. NRraa

external power from a signal frequency source. To test the
feasibility of such a system, a design was developed and
tested. This chapter contains the conclusion and

recommendations resulting from the investigation of a system

ﬁrw——,
i
—k

suitable to transmit the electrode array data transcu-

taneously.

¥

Conclusions

Testability of the hypothesis of Fourier type

transformation by the mammalian visual system for pattern

.SV

recognition requires the monitoring of large number of BCE's

in the visual pathway. Evidence has shown that due to the

PO

lack of lateral information transfer in the primary visual

cortex, spatial pattern recognition does not occur there. A

, e 0 AW

complex interconnection of points in the primary visual
cortex to many points in the secondary or association area %

imply that the first level of visual information processing

I e e )

occurs here. By exploring the nature of the interconnection

between primary and association areas,in an environment where

-
.'
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fidelity to reproduce the PAM and Sync information outside the
brain cavity without any breaks in the skin. From the
breadboarded prototype, definite conclusions on the ability to
form a reliable 1long term telemetry 1link can be drawn.

Scalability, a key to the realization of an implantable system is

covered in Appendix F.
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Vert. = 2 v/div. Horiz. = 10 ps/div.

Figure 5.12. Electrode Array Clocking Oscillator

Variations of frequency over applied voltage range of 5.7 to 4
volts were + or - 600 hertz.

The fast rise times of the inverters cause some problems
with power supply noise and coupling noise from the oscillator to
amplifier input 1lines. Large capacitive 1loads further degrade
the system with switching  noise. Fairly 1large storage
(smoothing) capacitors should be used near the oscillator and the
oscillator, should be placed so short lines connect it to the
electrode array. If additional driving current is needed, the
output buffer inverter can be ganged in parallel to produce
sufficient drive currents.

The design proven in this thesis shows that a low power

transmitter and rechargable unit can be made with sufficient

5-21
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demodulator's ground. Battery pack performance should be

suitable for routine data taking over a several year period.

e s
N 2

Vert. = 50 Vv/div. Horiz = 0.1 ps/div.

Figure 5.11 RF Transmitter Coil Voltage

Clocking Oscillator Testing

The clocking oscillator testing involved the adjustability
of oscillator frequency and the ability to produce a stable
accurate clock compatible with NMOS circuitry. The oscillator is
easily tuned by adjusting the variable 50 kilohm resistor
depicted in Figure A.5 in appendix A, producing a range from 18
KHz to 27 Khz with extended ranges possible. Once set at 25 KHz,
the oscillator varied no more than 100 Hz and provided excellent

crisp edges, see Figure 5.12.

-----
- Bl

B P

P A‘L‘_.. |

NV TR P

o ! L

A JORRRN

Ao




.....

possible source of self oscillation 1is the coupling due to
leakage currents bleeding off the square edged 1land patterns
defining circuit paths. At a 40 mA charging current, measured at
the Ni-Cd cells, the voltage measured at the series tuning
capacitor of the output stage shows a peak to peak voltage of 140
volts (see Figure 5.11). The waveform is an excellent sinusoid
with very 1little distortion. At 40 mA, batteries are charged to
full charge in 3 hours and stabilize at 5.7 volts. For
additional characteristics of the power supply see Dr. Jeutter's
paper (36:314-321).

Testing the battery pack involved running the system at an
equivalent 1load. First the system was run using the PAM
amplifier and FM modulator. The unit was started by magnet
switching of the reed switches through tissue simulated by a
human hand and the unit immediately began to transmit. Current
drawn for the amplifier and the FM modulator was 3.2 milliamps in
both the positive and negative supplies with an insignificant
current flow through ground. Then the batteries were recharged
and a 250 ohm resistor was used to represent the 20 mA draw of
the electrode array. The wunit was run for 2 hours with no
significant degradation of performance. A peculiarity in the
system was noticed when running, in that the grounds of the two
systems (modulator and demodulator) must be coupled to prevent
the detection and output of large impulsive switch spikes from
near by equipment. Coupling needed only be weak (highly
resistive) and can be accomplished through a common ground using

tissue for the implant's ground and a skin electrode as the

5-19
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B. Equipment List

Hewlet Packard, Zlip On DC Milliameter Model 4288
Hewlet Packard, Electronic Counter Model 5246L

Hewlet  Packard, Triple Output Power Supply 0-6V-
2.5A/0 +or- 20V-.5A Model 6236B

John Fluke Manufacturing, Digital Multimeter Model 8100B
Tektronics, Oscilloscope Model AN/USM-425(V)-1

Wave-Tek, 20 MHz AM/FM/PM Generator Model 148




C. Adjustment Procedures

FM Demodulator Adjustment %

1. Before applying power remove PLL NE-564 from its socket,

then connect power supply and powef up the demodulator board

2. Turn on the FM modulator unit and place the receiver io0p
in position alignned with transmitter coil. Using an
oscilloscope, monitor the output, pin 7, of the video
amplifier, LM 733, while tuning the variable capacitor 1in
parallel with the receiving coil. Adjust for maximum peak to

peak voltage. Then adjust gain resistor for output level of

150 mv.
3. Turn off FM modulator unit, and demodulator unit.
Replace PLL <chip NE 564 in socket. Turn on power to

demodulator only.
4. Using a frequency counter, monitor the frequency of the

voltage controlled oscillator at pin 3 of the PLL chip.

v, _JurE-,

Adjust wvariable frequency set capacitor for an 8.5 MHz ‘
reading. This should be slightly lower than expected 5
frequency of modulator due to loading of oscillator by the 5
probe, but exact frequency is not critical. Remove frequency ?
monitoring equipment. ]
5. Turn on FM modulator unit. Using an oscilloscope, watch »
the signal output at the end of the baseband filtering stage. ]
Slowly adjust the frequency set capacitor of the phase 1lock ]
loop until a signal 1locks at the output. Slowly adjust »

through the 1lock <condition noticing the signal quality

Cc-1
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through out the locked range. Set the tuning capacitor to
the best lock condition. This may not be sufficient to hold
lock over entire waveform.

6. To achieve a more complete lock and the cleanest
waveform, the bias current at pin'2 must be adjusted. Wh'le
watching the output of the baseband amplifier slowly vary the
potentiometer until complete lock occurs. Because the bias
current changes center frequency, step 5 should be repeated
as the bias current 1is adjusted. Once complete locking
occurs, continue adjusting until the stepped response has
clean edges and overshoot has been minimized. Care should be
taken to repeat step 5 throughout the procedure to insure
good center frequency positioning.

7. The next step is to readjust the front end receiver. The
variable capacitor in parallel to the receiving coil should
be slowly tuned to produce the cleanest waveform. Small
changes can produce large changes so care must be exerised in
changing frequency. Mildly retune as in steps 5 and 6 to

produce optimum system configuration.

RF Powering Adjustments

1. Making sure that powering section is off and the plug-in
powering coil is disconnected, connect the power supply to
the unit.

2. Adjust the driver's tank tuning <capacitor for a
mid-adjustment. Adjust each of the two 600 pf variable

capacitors to three quarters of full capacitance position.
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Finally adjust the variable one kilohm gain potentiometer so
it is two thirds to three quarters of full value.

3. Connect a 10X probe from an oscilloscope to the 50 ohm
output resistor. Also place a DC current meter clamp on the
loop in the collector of the power‘amplifier.

4. Turn on the power amplifier stage and monitor the current
and voltage at each of the points desribed above. Slowly
adjust the driver tuning capacitor until max current at the
collector and maximum output voltage at the 50 ohm resistance
1s seen.

5. Adjust tuning capacitor in the T section impendance
transformation network until max current at the collector and
max voltage at the 50 ohm resistor are seen. Repeat step 4,
then this step again.

6. Turn off power to power amplifier and attach the power
transmission coil to the unit. Place the coil in the proper
orientation for operation with implanted unit. Remove
oscilloscope probe from 50 ohm resistor and place on
insultated cable of the transmission coil. Power level in
the cable are significant enough to be capacitively coupled
to the scope probe and can be used as a good indication of
power level without loading circuit.

7. Turn on power to the power amplifier. While monitoring
both current at the collector and voltage in the transmission
coil adjust the series tuning capacitor in the output stage
for max current and voltage. Once again repeat steps 4 and 5

while monitoring the voltage in the transmission coil and

Cc-3
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then readjust the series tuning capacitor. Repeat until no y
further gains can be achieved.
r( 8. Compare current draw to expected value determined by

tests made on the circuit before implantation for a 1

particular battery charging current. If a change 1is

P, i SO

desired, adjust the one kilohm gain control until appropriate

current is seen and readjust tuning capacitors as in Steps 4,

5, and 7 until optimum performance is achieved.

,J'AL.;

9. If coil is used constantly in the same orientation, no
further adjustments are needed for future charging of the

batteries.

o

o\

L

L

- A s ._._, _,‘AJ




I N TN R rwyw——w——yree. MM SRS TR T T L T8

—~ ﬂ-ﬁArT
g
L
R

D. Data Sheets

Lintriairaudn

v

" This appendix presents the data sheets of the devices ?
’ used in the design of the prototype communications link. The ]
hi purpose of their placement in this thesis 1is for a quick J
F. reference of the properties of the devices chosen. The data *
‘ sheets also supply necessary design equations and information E
ﬁ‘ used to develop the link. This information will provide the a

s ability to specify other integrated circuits and active

devices to take the place of the ones used if the devices are

unavaillable.

. ‘_L!L
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LM158/LM258/LM358, LM158A/
LM258A/LM358A, LM2504

7

National
Semiconductor

Operational Amplifiers/Buffers

|

LM158/LM258/LM358, LM158A/LM258A/LM358A, LM2904 |
Low Power Dual Operational Amplifiers |

General Description

The LM158 series consists of two indegendent, high
gain, internaily frequency compensated operational am-
plifiers which were designed specifically to operate from

single power supply over a wide range of voltages.

Operation from split power supplies is also possible and
the low power supply current drain is independent ot the
magnitude of the power supply voltage.

Application areas include transducer amplifiers, dc gain
blocks and al! the conventional op amp circuits which
now can be more easily implemented in single power
supply systems, For example, the LM158 series zan be
directly operated off of the standard +5 Ve power
supply voltage which is used in digitai systems and will
eastly provide the required interface electronics without
requiring the additional £15 Vc power supplies.

Unique Characteristics

8 In the linear mode the input common-mode voltage
range includes ground and the output voitage can also
swing to ground, even though operated from only a
single power supply voltage,

8 The umty gain cross fraquency is temperature
compensated.

& The input bias current is  also temperature
compensated.

Advantages

® Eliminates need for dual supplies

® Two internally cornpensated op amps in a single

package

® Allows directly sensing near GND and Vg7 also
goes to GND

& Compatibie with all forms ot iogic
® Power drain suttable tor battery operation

8 Pin-out same as LM1558/LM1458 dual operatona

amphitier
Features
® Internally frequency compensated for unity gain
® Large dc voltage gain 100 48
® Wide bandwidth (unity gain) 1 MH,

‘temperature compensated)
m Wide power suppiy range
Single supply

IVpctcI0Vpe |
or dual supplies

$15Vpetot15Vpe !
® Very low supply current drain (500uA) — essentially
independent of supply voltage (1 mW/op amp at

+5 Voc’

® Low input biasing current 45 nAge
(temg :rature compensated)

® Low input offset voltage 2mVpe
and offset current 5 nAgc

® Input common-mode voltage range includes ground
Difterential input voltage range equal to the power
supply voltage

8 Large output voltage
swing

OVpctoV' 15V,

Connection Diagrams (Top views)

1
INVIRATIAE IRPUT A emend

Metal Can Package
v

ouTPuT & outrutT
HWVERTIAG HVERTING
NPUT A AL

RONINVINTING
e

one

Order Number LM1S8AH, LM158H, LM258AH,
LM258H, LM358AH nr LM3I58H
See NS Package H08C

neyty

oUTPVT A

nOm4NvVEATING )
Wt A ,'.".".' [LLUN 4 ]

"o -L__j t_L/. naniavEsTING

meuT d

Order Number LMISAAN, LM358N or LM2904N

See NS Package N08B
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i Typical Performance Characteristics
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LM158/LM258/LM358, LM158A/
LM258A/LM358A, LM2304

Typical Performance CharacteristiCS (continued) (LM2902 oniy)

Input Current
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V* - SUPPLY VOLTAGE (Voc)

Application Hints

The LM158 series are op amps which operate with only
a single power supply voltage, have true-differential
inputs, and remain in the linear mode with an input
common-mode voltage ot 0 Vpc. These amplifiers
operate over 3 wide range ot power supply voltage with
little change in performance characteristics. At 25°C
amplifier operation is possible down to @ minimum
supply voltage of 2.3 Vge.

Precautions shou!d be taken to insure that the power
supply for the integrated ciicuit never becomes reversed
in polarity or that the unit is not inadvertently instatied
backwards in a test socket as an unlimited current surge
through the resulting forward diode within the IC could
cause fusing of the internal conductors and result in a
destroyed unit,

Large differential input voltages can be easily accom-
modated and, as input differential voltage protection
diodes are not needed, no large input currents result
from large differenual input voltages. The differential
input voltage may be larger than V* without damaging
the device. Protection should be provided to prevent the
input voltages from going negative more than —0.3 Vp¢
{at 25°C). An input clamp dicde with a resistor to the
IC input terminal can be used.

To reduce the power supply current drain, the amplifiers
have a class A output stage for small signal fevels which
converts to class B in a large signal mode. This allows the
amplifiers to bnth source and sink large output currents,
Therefore both NPN and PNP external current boost
transistors can be used 1o extend the power capability of
the vasic amplifrers. The output voltage needs to raise
approximately 1 chode drop abave ground to bras the
on-chipvertical PNP transistor tor output current sinking
apphcations.

'

For ac applicatiars, where the load is capac:tively
coupled to the nutput of the amphitier, a resistor should
be used. from the output of the amplifier to ground to
increase the class A bias current and prevent crossover
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distortion. Where the load is directly coupled, as in d¢
applications, there is no crossover distortion,

Capacitive loads which are applied directly to the output
of the amplifier reduce the loop stability margin. Vaiues
of 50 pF can be accommodated using the worst-case non-
inverting unity gain connection. Large closed loop gains
or resistive isolation should be used if la.ger load
capacitance must be driven by the amplifier.

The bias network of the LM158 establishes a drain
current which is independent of the magnitude ct the
power supply voltage over the range of from 3 Vg to
30 VDC'

Qutput short circuits either to ground or 10 the positive
power supply should be of short time duration. Units
can be destroyed, not, as a result of the short circuit
current causing metal fusing, but rather due to the large
increase in 1C chip dissipation which will cause eventual
farlure due to excessive junction temperatures. Putting
direct short-circu‘ts on more than ane amphifier at a time
will increase the total 1C power dissipation to destructive
jevels, if not properly protected with external dissipation
limiting resistors 1n series with the output leads of the
amplifiers. The targer value of output source current
which is available at 25°C provides a larger output cur:
rent capabiitty at efevated temperatures (see typical
performance characteristics} than a standard 1C op amp.

The circuits presented in the section on typical applica-
nons emphasize operatton on only a single power supply
voltage. Jt complementary power supplies are avalable,
all of the standard op amp circuits cin be used. |
general, introducing a pseudo-ground [a bigs voltage
reference of V*/2) will aliow operation above and beiow
this value 11 single power supply systems. Many applica.
ton circuits are shown which take advantage of the wide
input  common-mode voltage range which includes
ground. In most cases, inpJt biasing 1s not required and
nput voltages which range to ground can easily be
accommodated

Lo WU
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Op

erational Amplifiers/Bufters

-

LVI146/LM246/LLM346 Programmable Quad Operational

mplifiers
General Description

The LMY46 series of quad op amps consists of four
ndepéndent, high gqain, internally compensated, low

_—

power, grogrammable amplifiers, Two external resistors
(RSET! allow the user ta program the gain bandw.dth
product, slew rate, supply current, input bias current,
input otfset current and input noise. For example, the
user can trade-off supply current for bandwidth or
optimize nowse figure for a given source resistance. In a
similar  way, other amplhifier characteristics can be
tailored to the application. Except for the two program.
ming pins at the end of the package, the LM 146 pin-out
is the same as the LM 124 and LM14g,

Features USET = 10 4A)

Programmable ciectrical characteristics
Battery-powered operation

Low supply current 350 uA amplifier
Guaranteed gain bandwidth product 0.8 MHz min
Large DC voltage gain 120 d8

Low noise voltage 28 nV.'\/m
Wide power supply range £1.6V to 122V
Class AB output stage—no crossover distortion

Ideat pin out for Biquad active filters

Input bias currents are temperature compensated

-—

Connection Diagrams (pual-in-Line Packages. Top Views)

1 LJ i)
=i oL

1 q "
Rl LR

v KLy~

s 1
s RS

1 ¢ 1
L LN

! 0

1 s

s sere
)

Order Numnber LM146J, LM246J or LM346J
See NS Package J16A

Order Numbaer LM246N or LM346N
See NS Package N16A

Schematic Diagram

PROGRAMMING EQUATIONS

Total Supply Current = 1.4 mA [Igev/10 uA)
Gain Bandwidth Product = 1 MMz {ige7/10 wA)
Slew Rate = 0 4V/us {IgeT/10 uAl

tnput Bias Current ~ S50 nA {lgpT/10 wA)

ISET * Currentnto pin B, pin 9 (1ee schematic-
diagram)

vt -vT 08V

ISET =
RseT
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Absolute Maximum Ratings (ot 1) ‘ =
Dk
LM146 LM246 LM346 l O-D'_,
Supplv Voltage 222V 18V 18V ‘ ':
Ditferential Input Voltage (Note 1} 30V 30V 30V ) g
CM 1nput Voitage (Note 1} 15V 15V 115V ] o
Pawer Dussipation [Note 2} 900 mW 500 mwW * 500 mW ! =
Output Stort-Circut Duration {Note 3} Indefinite indefinite Indetinite ,
Cperating Temperature Range -55°C to +125°C ~25°C to +85°C 0°C to +70°C | ,:.
Viax.rrum Junction Temperature 150°C 110°C 100°C | 2
Storage Temperature Range -65°C 10 +160°C -65°C 10 +150°C -65°C 1o +150°C PR
, vead Temperature {Soldering, 10 seconds) 300°C 300°C 300°C S
Therinal Recstance (9;4), [Note 2) o
Cavity OIP (D} J] Py 900 mW 900 mwW 900 mW
6ia 90°C/W 90°C/W 90°C/W !
Molded DiP (N) Py : 500 mW (
4)A 140°Ccw ,
|
DC Electrical Characteristics (vg=215v.15e7 = 10 uA. Note 4)
T I LM146 I LM246/LM346 oNITS
PARAMETER D! . t
A ‘ CONDITIONS TR EESEED TYP | MAX
Iaper Offset Voltaye " Ve = OV, R <606, Ta=25C T | 05 i 5 05 6 mV
Input Offset Current Vem = 0V, Ta = 25°C : b | 20 2 100 nA
! 1
inout B oy Current L VeM =0V, Ta = 25°C [ s0 1 100 I 50 250 nA
S.uby Current 1405 Ampst Ta = 25°C e bo20 14 25 mA
Large S5 varage Gan R =10k, AVQyT = 10V, - 100 1000 ‘ I 50 1000 Vimv
Ta=22 C I ; } i
ot CM Harge Ta=25C _ 35 | 214 ‘ i £135 ( 114 v
|
IM Aesctgr Aot Rg < 10k, T = 25°C B0 | 100 ! Lo70 | 100 » d8 \
! ; |
S.aer SupD ¢ Reecton Rg < 10K, Ta=25°C 80 - 100 © 74 | 100 a8 |
Ry o ) ‘ ' : ‘ .
Jutout Ve'tage Sworg DAL T0KD, TA - 25°C o ot12 114 D212 ' 11a v
Srot C scunt Current ‘Ta-25°C 5 20 35 O mA
Ga~ Bandacatn Product | Ta= 25°C ce 12 cos 12 [ MH:
i i I
Yhase Marg.n Ta=25"C 60 | | 60 | Deg
Sew Rare 'Ta=25°C 04 ! “ 04 } Vips
'nput Nose Vo'tage te1kHz Ta=25"C L. ' | 28 ‘ nVA/HZ
' !
Crannel Separation CRL= 10K AVOUT = OV 1o 120 ! } 120 | @8
L212V, Tp = 25°C _ ‘ | ‘J ll | t
. | H .
irput Revistance Ta=25C 1o ; \ 10 ( | v !
! . v
Input Capacitance Ta=25°C .70 ‘ i 20 ! | oF |
Irpe,t Ofset Voltage VM © OV, Rg < 5061 05 6 ] { 05 \‘ 75 | mv !
i ! ‘ ‘
gt Offet Current Vem = 0V L2 % ! 2 w0 nA !
| ; .
"oyt Beas Current . Vem =0V ;50 ! 10 ‘ .50, 250 N‘ nAa
. . | | !
Sutpiy Cuerent (4 Op Amps) e i5 2 ;15 25 | mA |
]
Lo je Sgnal Voitage Gan R = 10K(2 SVQUT = 210V s 1000 .25 1000 LoV
' . |
"oyt CM Rarge 1115 tla 135 114 : ‘ Vv j
M Aejacrion Aatio L Rg< 500 76 150 .0 160 ! . B
Pawer Sunoiy Reecton Ry 7 5002 76 00 74 100 | 0B
Eag ' ,
Tbut Valtaze Swing HL 2 10 k2 12 ‘14 P12 e | v o
3195
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g DC Electrical Characteristics (vg- +15v, iget = 1 pAl !
H ‘ :
= PARAMETER i CONDITIONS _ LM146 LM246/LM346 uniTs ||
- Comin T rve Tomax [ min | oTve | max N
‘é’ Ingut Otfset Voltge VemM = 0V, Rg < 501, “ L os |5 : 05 7 my o
. 1 ‘
PN Ta=25°C ; : . ‘ b
s 1 |
=  !nputBuas Current | VewmeOv. Ta=25°C - | 75 1 20 75 1 w0 | o
! | ‘ ; !
:‘ Supply Current (4 Op I Ta=25"C ! . 140, 250 i 140 “ 300 A i
© Amps! \ * ‘ : ’\ !
< : ! | { ! |
L ol Gan Sangwidtn Product Ta=25C 80 100 50 100 l kHZ
E | | i L i \
. . i
-l DC Electrical Characteristics (vs-+15v.15e7 = 100A) .
!
f T | ‘
PARAMETER CONDITIONS tM146 LM246/LM346 uNITS |
MIN | Tve [ max | min [ Tye [max | |
‘nput Offset Voltage Vem= OV, Hg <1500, ! J 0.5 " 5 E 0.5 [ 7 : mv ; !
Ta=25°C ' . 1 1 ‘I i
]
nput CM Range Ta=25C . +07 | l 07 ’ \ v l
CM Rejection Ratio I Rg<B00, Ta=25C ! | 80 ! 80 d8 J
Output Voltage Swing l RL> 10K, TA=25"C i 0.6 l 1 ’1 +0.8 ‘ { L v !

Note 1: For supply vo'tages iess than 15V, the absolute maximure input voltage 18 equal to the supdly volitage. '

Note 2: The mawmurm powsr dissination for these devices must be derated at elevated temperatures and & dictated by T||\1Ax, “,g, and the
amu-ent temperature, Ta. The Mmaxmum available power dissipation at any temperaturs s Py " IT)MAX — Talii aor1 e 25 CP pax, whieh- !
eiar g lagy.

Note 3: Any of the amplitier outputs can be shnrted o ground indefinitely; however, more than one should nat be siriultaneously shorted as the
Max«mum uncton temperature »il be exce®rded.

Note 4. These specifications apply Over the absolute n.aximum operating termperatura ronga uniess otherwise nated. |

Typical Performance Characteristics

Open Loop Voltage Gain vs

Input Bias Currentvy ISET Supply Current vs ISET ISET ;
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CLPCTRICAL CHAR S CTIy 0 0 . |
.- e e ———— .= e g = mm e g e |
Characrernstic Symbuol M Typ X Max Un
} - . O, .
Feverse Brearidonn Voitage Bvg R . ' - Vi !
gy W0 Ao |
' - ———— -
Revrise Voitaoe Learagr Cuiren <1 - U1 mAdC

(v v 25 vacl

Serws Inouctance (Note 1) Ly [ N ‘ At
P250 MM Lesd Length = 8
Case Capac-tence (Note &t Cc 02 B ) of ‘
Ite )0 MMz ' '
e ——— e - e e e . B e S e U
, C.ous Capmciance Temperaturg Coatlivwnt 1Ce - 300 400 ) ppmeC !

i (v =30 Vde 1= 1 0 MM

‘ C Rs |

C,. Diode Capacitance Q, Figure of Merit CR. Capacitanca Ratio !

Ve = 30Vdc, = 10MH: VR * 30 Vdc . C3/Cag |
A ; 1+ 50 MH; te10MH2 |

S — b . (Note 3: . {Nofe 4! _ I

Min Nom Max M Min ! Max : )

- - e e at e c—— - P - [ JR— - ‘ !
MY 209 26 29 32 200 i 50 i 65 ]

<
‘
= ::, !
= & I !
: : : |
i |
du.iy i H » ] i |
tn -40 -7y 0 <10 LRI +B0 <100 «120 <14 ‘
¥R REVERSE VOLTAGE (DL TSI Ta AMBIENT TEMPERATURE (O0) ‘
|
e Do bt NOTES ON TESTING AND SPECIFICATIONS ‘

1 Lgos measured or 8 package ha.ing a sho't instead of a dwe. uning
anympedance bridge (Boonton Radw Mode! 250A RX Meter} i

2 Cg s nwasured on a package without a dhe, unng a capacitance
wodge (Hoonton Electrancs Made! 754 o equivaient!

3 (s waliulated by taking the G and C readings of an agmittance
bedge . such a3 Boanton Electromics Moder 33JASE st the
inecihied frequency and tutstituting 1in the loilowing eguation

i 4 Cp s the rato o C; messured st 30 Vdo dnidged by Cy
s S » 3 NS . PRLS oy NN mesared at 25 vVde

Ta AMEENT TEMBEH LT 0 1y X
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VOLTAGE VARIABLE ,
CAPACITANCE DIODE
SILICON EPICAP* DIODE Co
26-32 pF
oesigned for VHF TV wning, AFC, general frequency contral ’ J
and tuning apphications; providing sohid state retatufity in replace- ' "
i ment of mechanical tuming methads. Lo
{
¢ High Q'With Guaranteed Minumum Vaiues at VHF Frequenciey v ¥ N
} —
e Controlted and Uniform Tuning Ratio '
‘ o Guaranteed Matching!'! Tolerance From Diode to Oiude end .
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Fig. 12 ~ Typical transition time vs. load
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Fig. 15 — Quiescent davice current rest Circuit.
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Fig. 18 — Dynamic slectrcal charactaristics test circuit and waveforms.
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173 (D088

L
UPPER SWITCHNG POINT
o Mmoo
(L 3

LOWIR T TCHING POINTY

- Ay vag
T
RN

CH-T88s0Mm
Frg 22 - Input pulre thaping circuit
{Schemitt trigger)

173 CO408Y

FOR TYPICAL COMPOMENT
YALUES A0 CIRCU1 T PEAFORMANCE,
SEC APPLICATION NOTE ICAN-8448

Iy -paadant

Fig. 21 - Typica! RC oscilletor crreuit.
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o wcwen
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s sesen

Fig. 23 - Oynamic power g s1:pa10n 183! circutl.

LOAD CAPACITANCE IC )0 300

:Au..uv TEMPTRATURE RANOELT, 1o - aC7C T0 ¢ 29°C ©
" { ;. |‘A'v " P ] |
H
s
8
kR
BE
’-f.‘
of
31
5-
] 4 L] ] 1 1} "
WPy voLTaal lyppl = voLTS
WCH-BBitAm

Fig. 14 — Variation of normal:red propagaton
delay time {tpy, and tpp pl with
supply voltage.

MEASURE (WA TS SEOUEMTIALLY,
TO BOTH vag AND veg
CONNECT ALL LHUSED NPUTS
TO LITWER vy OR vey

uauv:j—)——\ noTE
Voo l
!

s pran

Fig. 17 — Input leakage current test circuit.
APPLICATIONS
178 D408

FOR TY0IC AL COMPONENT
VALUES AMO CICUIT

ry  PERFORMCNCE. SEC
APPLICATION HOTES
ICAN 6086 AND
XCAn €539

(LS AFITENLT

Fig. 19 — Typical crystal oscillator circuit,

Y —
LY -
" beos

Oimgnsions end pad layout for CO4089UBM

Dimensiont in parentheses are in millimaeters and sre
derived from the basic inch dimansions ag indicated.
Grid graduations are in mily 1103 inch)

The photogrephs and d:mensiony of eech CMOS crip
rep/asent s chp when 13 past of the waler When ine
war .3 300870140 ~10 INCivigual chips The ange of
CleavaQe may vary wilh fa3pect 1O the Chip face lor
d.Merent chipy The actue' d-mansony of Ihe 180lated
Chp therelore may a:1'8r 3 ghty from (he nomingl
IMENe 0N IN0wA THO UIS: BAOLIT CONNCRr R 10I0r8nCY
of =3 m s to +16 M3 8po! cadid (0 the nOMinai
d«meng ong shown
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STATIC ELECTRICAL CHARACTERISTICS

CD4069UB Types

] Lnnw(ﬁ"\'zu—(nvwﬁhnn'z{ H’l;’i
« ‘3!:1::". 44t '.
! | LIMITS AT INDICATED TEMPERATURES (°C) | 3 ij““'f“ g
! CONDITIONS - Valuesat~55,+25, +125 Apoly to D,F,K,H Packages | i il
CHARACTER- ' | Values at —40, +25, +85 Apply 1o E Package UNITS‘ iz o
1STIC ' E’
vo |Vin Voo : : g 125 i
Vi V) V) —551_ =40 ' +85 | +125 | Min. [ Typ. ‘rMax. t :.
H 1 T T t JRES
QuescentDevice . - 05 5 02510251 75 ' 75 | - ' 001 | 0.25 | 3
Current, - 0100110 05 o5 "5 Tas T -7 000 |05 A | e
'0D Max TS BT R 3 | % | - ool 1" R
- 102002075 |75 150 | 150 | - | 002 | 5 | L
Dutot Low 0405 5 064061 | 042 | 036|057 1 — L7 oo ot sty
1Sk} Cutrent 05 010 10| 16 s 11 00 13 ¢ 26 - ' Fig € ~ Typcal output low (1ink |
A t * t icx.
oL Min 15 1015 a5 22 | a 28 I 24 34 68 i ~ } [ Current charscteristics
Dutput High 4G 05 5 ' -064/-061 -042 -036G,-051! -1 - mA ; o
(Source! 25, 05 5 <2 -18 13 1516132 . - | e e TR
Current, 95 010" 10 =16 ‘=15 11 | 09 =13 [ -26 | - i ! : :
loH Min . I i ¢
135 1015 15 -42 [ -4 [ -28 [ -24 1-34 | -68 | - | I
T s
O.iput Voltage . -, 5 5 005 .- 0 ;’ 0.05 [ ‘r‘g'“
towbert T 10 005 " -0 Joos! £
v ax 1 H
oL T a5 s 005 -0 005, | dw
G.tput Vo'tage - N 495 1495 HEE RN
Hugn Level - g 13 995 7995 | 10 | - 7,
Vo Min . > e - 3 o¥, ;
. ' 0 , 15 14 95 ; ) 15 L F ;zz:g:},‘:}}::x;': ;
Input Low 45 - 5 1 j - - 1 DRAN-T0- 30UACL VOLTAGE tvpg)=v
Vo'tage, 9 - 10 2 | A — 2 " {n:’.-.‘..‘
Vig Max —— + Fig. § — Minimum output low (sin
135 - 5 25 [ — ? 25 v currant characteristics.
ot High 05 - 5 4 '\ 4 l —_ ‘A —_ ‘
Voltage. 1 L= 10 8 ) | = [ — ! | DAAR- 10 SOURCE VOLTAGK (wpyl—
le i 15 [ - 15 125 ' 12 5 E - - l‘ } T '(w(-uuu.?v '.n':};’o - . 7 ]
input Current : ! i ! I 1 ! 5 | \ : i
v 1018 18, £01 01 ' 1 o211 | - 207304 A |H i
i ™ ‘ I B | | Lo 1 J i :
Voo z
—————— V0 \ <
‘ - :
gL A____. & r—]: i o-l_.z. :‘t:” i
) . o 0‘-] =l ! g
L lo—ee A —  +—O 1T el ot
3590y b 2046810120 Lol s sl—o i
A — vis —! p—iod N
. Toe Vit w: 8'

T

vgg 9208 73rsemz
Fig 6 — Schematic diagram of one of 1:x identical
nygrters

DAN N-TO-

BOURCE YORTABE (Vg =Y

LIS N EEPL

Fig. 7 — CD4068UB terminal assignment

i
il

Fig 8 — Typical output high (source)
current characteristics.
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CD4069UB Types
CMOS Hex Inverter

H-gh-Voitage Types {20-Volt Raung)

The RCA-CD4069UB types consist of six
CMOS inverter crrcu'ts These devices are
erened tor g gereral purpose naserter
INpLCItons whare e met um power TTL
de ve and QY T iever KONvers 00 Capathit e
ot circots sucn as toe CO3CCY ang £04049
Hex [nverter B tierg gre not required

Tre CO4069L 8.Seriestycesare suppied in
14- @agrarmet ¢ 1uatn-ire CErA™M € PACK-
aj83i0ancFsuttaes: td-leaddua- n-nre
pastic pacwage € suttxy 14-.ead ceram:c
ar pacwage. iX syt xj. and nchiptarmiH
Lol

RECOMMENDED OPERATING CONDITIONS

For maximum reliab.lity nominal operating conditions should be selected 10 that

Operation 1y alw tys within the following ranges

Features

Standardized symmetricsl output
characterstics
Medium Speed Operation—tpyy tp =30 ns (typ.)
at o v
® 100% tested for quiescent current at 20 V
® Moumum inpat currentof T uA st 18 V
over full packdge-temperature range.,
100 nA at 18 V and 259C
& Meets a!l requirements of JEDEC Tentative
Standard No. 13A, “Standard Specifications
for Description of ‘B” Series CMOS Devices'’

Applications:

& Logc inversion
@ Pulse shaping

PEEI i B

vegr?

I
|
“ Voo '!e
. TRIUT)

cDao63UB
FUNCTIONAL DIAGRAM

2325328s04as3ds08e:
% Osciliators f }%Eifgfggf‘:gng AUSIENT TEMPLAATURE (13102300
! 4 1 vo
® High-input-impedance amplifiers o i 0—{>—0 J
1344 ead - -

r

! CHARACTERISTIC | LIMITS UNITS
, l Min Max *
Suppiv Vo'tage Range iFor T4 Full Packaq’{ 3 18 v 1

Terrperature Range)

[~ BOTRT vaATacl 1wyl -y
-

£

MAXIMUM RATINGS, Absolute-Maximum Values:

DC SUPPLY.-VOLTAGE RANGE. IVpp!
(Voltsges relerenced 10 Vgg Terminal}
INPUT VOLTAGE RANGI, ALL INPUTS .
DC INPUT CURRENT, ANY ONE INPUT
POWER DISSIPATION PER PACKAGE (Pp)
For Ta = —40 10 +60°C (PACKAGE TYPE E)
For Ta = +60 to +85°C (PACKAGE TYPE E} .
For Ta = -5510 +100°C (PACKAGE TYPES D. F. K)
For Ta = 4100 to +125°C (PACKAGE TYPES D.F. K}
DEVICE DISSIPATION PER QUTPUT TRANSISTOR
FOR Ta = FULL PACKAGE TEMPERATURE RANGE
OPERATING TEMPERATURE RANGE (n\l
PACKAGE TYPES D, F, K. H .
PACKAGE TYPE €
STORAGE TEMPERATURE AANGE lT"g) .
LEAD TEMPERATURE (DURING SOLDERING)

INPUT VOLTAGE 1¥g 1 =¥
RCH - IRa e

g 1 ~ Mirumum and maximum voltage
transfer charactaristics.

. ~0510 +20 v [
—05t0 Vpp +0.5V
RN 10 mA

. 500 mw

Dorm Lmemv at 12 mW/°C to 200 mw
500 mwW

Derate Lm"vlv ot 12 mW/OC 1o 200 mw

QUIRLT vOu Tall tvgl - ¥

(All Package Types} 100 mw

~65 10 +125°C
—40 10 +85°C

-

—85 ta +150°C

At distance 1/16 £ 1/32 inch {1.59 £ 0 79 mm| from case for 10 s max. . R . +265°C

DYNAMIC ELECTRICAL CHARACTERISTICS st Ty = 25°C; Input L. Y =20,

CL'SODF,RL'MKQ

AT ey s
T VLT vl -y

(LTI

Fig. 2 = Typcal voltage transfer characteristics #s &

funcrion of temperature.

f 3T amn anr TEMMERATUN (T4 23°C 1
CONDITIONS | ALL TYPES TP T PR S AR !
CHARACTERISTIC v LiMiTS e e ’
oD UNITS !
v Typ. Max.
5 55 1:0 }
T
1
Propagation Detay Time, tPLH- PHL 9 30 9 n ‘ !
15 25 50 !
5 100 200 | 4 |
. : ! {
Transition Time, TTHL 'TLH 10 4 50 100 ns ‘ 1 hy |
A i
15 4 | 80 j Ao R
Input Capacrtance. Cin Any Input 10 l 15 1 pF } Fig 3 - Typical currant and voltage trantfvr
charecteristics
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CD40668B Types

— —— T
s
f'b )
- vop* ¢ 3V
YootV [
M.
o[ »
—_—
N icDa0%48
t
| © .
. 1 ‘ ‘ | %o
; _rj.—..: I
| porrag | | : !
-CONTROL, !
feruTs. é (g J} gj
L
V3stOV { - / vage-dv
Veg oSV
ANAL G OUTPUTS (28v)
02¢3- 30927

Fig 18 — Bidirectional signal transmission via digital control logic.

63-71
{1 600~ 803}

l
1

Q- a.u
L (0 IOZ 0 2541 l
9-77, d
1] 75)-l 956) 1
92€8-33109
CDA4066BH
CHIP PHOTOGRAPH

Dimensions in parentheses are 1n millimeters and
are gerived from the basic inch dimensions as in-
dicared. Grid graduations are 10 mils (10~ inch).

SPECIAL CONSIDERATIONS — CD4068B

1.

In applications that employ separate
power sources 10 drive Vpp and the
signal Inputs, the Vpp current
capability should exceed VDp/R( (R
= effactive extarnal ioad of the four
CD40668 bilateral switchas). This
provision avoids any permanent Cur-
rent flow or clamp action on the Vpp
supply when power i3 applied or
removed from the CD40668.

The pholographs and dimensions of sach CMOS chip
represent 4 chip when it (3 part of the weler When the
waler 13 geparsted into individuel chips, the engis of
cleavage may vary with respect 10 the chip lace lor
ditterant chips The actue! dimensions of the 1scisted
chip. theratore. may ditler sughtly irom ha nomingl
dimengions shown The user shouid connider a lolergnce
of =3 mia to +10 mis epplicadle to ihe nominal
dimengiona shown

2. in certain applications, the external
ioad-resistor current may inciude
both Vpp and signal-ine com-
ponents. To avoid drawing Vpp cur-
rent when switch current flows into
terminais 14,8, or 11, {he voitage drop
across the bigirectional switch muyst
not exceed 0.8 volts (calculated trom
RoN values shown).

No Vpp current will flow through Ry
it the switch current tlows into ter-
minals 2,3,9, or 10.

230

.-Lg‘m. VUSROS N P ey

. _J%

)

o




Ty
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Ao D T ALy
ANE COMMECHED 1O vgy

sy oy

Fig 11 ~ Otf-switch input or output leakage.

Cos0esD
Cor 4

] swremty

“oo 7{}" “ui .

ALL UMUS(D NRUTS AB( CONMICTED 10 vay

e1rs s0er

Lo T T—— Ead i

AL USED "t AWIRALY
ARE COMMECTID 10 wyg

"es o

Fig. 13 — Crosswlik<ontrol input to signal output.

Fig. 12 — Propsgation delsy time signel input (V)
' 10 signal output IVO,I.

—

no
ve "{nv( o
3
. 1,000 2088 M v
00
Yo 0% -
U\ N,
5 o S\ .,ZELFOL mpyrs
Wt 0 - Yoo woTL .
3 . voov \,_@_. MEASURE INPUTS P
'w:f—\_ (c\ '2§° ° SEQUENTIALLY, !
P e - == 1 vou+jvos vss TO BOTH vpp AND Vgg \
{ Coanned @ amt CONMECT AL UMUSED
e DR WNPUTS TD LITHER
L ML UNUSLD TEAWRALS SAL CONMICTED 1O vy e Yoo O Vss
B sy MEASUME CONTROL
wer sons INPUTS ONLY
) - sacs-2rass
Fig. 14 - P'opagulo'n deley top Me ';‘HL control- AL UNUSED WPUTY ARE COMNICTED TO voy
signal output. Delsy is measured ot ey vy
. N i
¢ Vos level of +10% (rom ground fturn-on) Fig. 15 — Maximum alloweble control input Fig. 16 = Input leakage current test circuit
3 or on-state output level (turn-off). [ repetition rate.
b
b
oy
[4-2527 ] ] -
r
1 (decany o]
. 4
ouTPUTY i
RERCT TR Y >-
Ty
Caawnt, o b
4
s Cuannl L 2
M LLLITN]
Srhwnt, @ - 1
LAY ¥4 Gunr —'—J j
10308 |
RN TLIEYY .
y coar tuocer (M n oo -4
rotzed wax acLowABME | i 0% 1% g )
sonae Lty TN eren et w s
CHAN L (Haml CHAMY ChAn 4 .
.
220 30020 N
Fig. 17— &channel PAM multiplex tystem diagram. J
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CD4066B Types

ELECTRICAL CHARACTERISTICS (cont'd)

-y - T AR el

Yoo a8 raitay
o fiet TLR
LIMITS AT INDICATED | e .
TEMPERATURES (°C) u awet [ o .
Characteristic Test Conditiont Values at -85, +25. +125 N i ST
Apply to D, F. K, H, Packages \ .
Values at =40, +25, +85 Apply to T r
E Package T TS
VDD s M- 110
1 (v) |-55]—0]+85 [+125] Typ. | Max.
Fig. 7 = Channel on-scate resistance messurament
Control (V) circuit.
Control Input ‘ ! <10pA 5 . \ ‘ . \
Low Voltage, Vis=Vss.Vos*® Voo -
ViLg Max. ‘ and 19 1 20 2 20 2l - PARY
{ Vis *VpD-Vos = Vss 15 2 ) 3 2 2 ' . Anun(;n; TEMPERATURE(T, 1 23°C [H}
Yoo ! V.vggr-23Y
ND:)\JV'Y(leI‘WfWT-YIIM H
Control Input 5 | 35 (Min.) dlisgn
ontral In
High Voltage, See Fig. 8 10 i 7 {Min.} v
Vine i 15 11 {Min ) '
Input Current, i Vs < Vpp :
Iy Max. ‘ vVpp ~ V55 =18V 18 #0.1 {00 (21 {21 [£10-5 | +0.1 [uA
| vec<Vpo - Vvss L
Crosstatk (Con- V¢ =10 V (Sq. Wave! ‘
trol Input to t. tf = 20ns 10 | - - - - 50 - |mv
Signal Qutpit) R =10kQ2
Turn-On and Vin* VDD b 5 l- - L~ |~ |35 70 -
i Turn-Oft t, 1= 20 ns o - — ~ 20 20 I ns INPUT VOLTAOE v =V 91E3- 3030
Propagation CL = 50 pF I .
| - Fig. 8—Typical ON characteristics lor 1 o
| Delay RL =1 k(2 15 - - - 15 30 4 Channels.
= Vpp. Vss * GND,
RL!1H’ to gnd, 6
Maximum Ci = 50 pF, 5 | - | - - - -
Contral Input Ve ¢ 10 ViSquare 0 I - 2 _ - - MHz
Repet:tion Rate :a‘:: :.e;cx.err‘:d on S V) 15 _ - - - 95 - T TR TR T i T =
, . .
Vs * % Vos @ 1 kHZ 'P
i Input i
; Capacitance, - - - - 5 7.5 |uF i
G
L N :
§
Switch Input Switch Output, 3
v v ! lig (mA) Vo (V) i
DD is
W) | ) | -s50c | —a00C | +25°C | +859C | +1289C | Min. | Max.
+ §91TCmNE FREOUENCTY (1) =amy
5 0 0.64 0.61 051 042 ‘ 0.36 - 04 - 10ar0
5 5 -0.64 -0.61 -0.51 -042 | -0.36 4.6 - Fig. 9 — Power disupation per packege v. switching
10 0 1.6 1.5 1.3 1 { 0.9 - 05 frequency.
10 10 -16 -1.5 -1.3 -1.1 -09 | 9.5 -
[ 15 0 4.2 4 3.4 28 | 24 - 1.5
[ 15 [ 4.2 -4 -3.4 -28 i -2.4 135 | -
(l.I
i Ul 1 2'.:.:2‘5:.‘7..35" :E';""
i e b ."l zlelo':’ol;\l'l CADKI'I.((
VAL vt
-l,-
. ’ owio;&‘::.un-_l Ve ’ :
, _lv..-v | wk B *
= T e soves ! 1 )
' + +
ALAIRT1Y ]
Fig. 6— Determination of r,, 21 a test conditian for control input
high voltage ’Vmcj Loecilication. Fig. 10 ~ Capacitance test circuit.
—
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CDA4066B Types

L ELECTRICAL CHARACTERISTICS - Py VOLTASE vog ~veg) o8 T nxdi
; ! X 11 IaE0S80NS40R0 0GRS ——
LIMITS AT INDICATED TEM- ’u i ;1 T Mg e
PERATURES {oC| T AT .
} | Vaiues at 55, +25, +125 Apply N | LR o LB HI’ 1]
'Characteristic Test Conditions to D, F, K,H Packages ) g 1
[ Values at —40, +25, +85 Applyto | T L .
{ |E Package | S ; !
| ViN VoD 275 2 I
‘ (V) | (V) |~55|-4a0 [+85 }125|Typ. |Max. F i
1 05 | 5 1025(025] 75| 75001025 8 li
s Quiescent Device 010 1{ 10 05 05| 15| 1500V | 05 LA IRPUT BIGNAL VOLTAGE (Vi) — V SCH-ITIIeN
’ © Current, Inp 0.15 | 15 1 11 30] 30[0.01 1 Fig. 2— Typice! on-state rasistance w. input signel
- voitage (all types).
[ 0,20 | 20 5 51150 150(0.02 5
Signal Inputs (V) and Output (V)
p X [a SUPPLY VOLTAGE (Vpp = Vag 110 ¥ :
[ ' Ve Voo 18”9 N R e Lol y
Y On-State R = 10 k2 returned 1 : : : I i
- Resstance. 10 | 10 Vpp - Vss 5 |800| 850 1200 1300| 470 |:056 y w0 ‘.‘,"",‘.":.':Z-‘c"""' "I
Max ‘ 2 10_| 310/ 330|500 550 180| 400| €2 | |3azcol '
) #~ | Vis*VsstoVpp 15 | 200] 210|300 320] 125 240 % o
40nState @
s |- i- |- |- |15]- )
' Resistance & 1001-
| 2 a -
| Between Any RL=10KiL Vo= Vpp 0 |- - - = 04 - l 1 g 0
" 2 Switches, Oy - 15 |- - - - 51 - 5 :::i RS
; <0 <78 -8 .23 O
Total Harmome |VC-VpD =5V, Vsg= =5V, Vig(p.p) ) :.m;r HNL VOLTAGE [y = ¥
. Distortion =V (Sine wave centered on 0V - = |- |- |04]- 1% Fig. 3= Typical on-atate vs. Input signal voitege
THD R =10 k§2, 1, = 1 kHz sine wave {ali types).
1-3dB Cutott VesVpp=5V. Vgg2 -5V, VIS(D~D)
TAOE Vel H
Frequency =5V (Sine wave centered on 0V - = |- {- |a0|- [MHy T -l]’u;,“lvl :?t“: oo ol A
s Py {Swrtch on) Ry =1 kS, ;3‘#
'~50d8 Feed g 1o
! through VeeVsst =5V, Vip.01 a5V wrzl 1 o
Frequency Sine wave centerd on 0 V , - 0= - |- ] - £
Swichoff) | RL= vk )
Input/Output Ve=0V ; 100
Leakage Curremi| V, 0 = 18V, V 18 [t0.1[20.0 |21 | 21 [£105] 0.1 |uA 3 it
!quch off} OV, v, OV Y
1 Max. Vo, = 18V & olf ﬁ glf
) (Vela) = g ™ INPUT SIGNAL VOLTAGE (Viq) —v ,
{-50 dB }:5 v, V({/l )‘; Vss _ _ _ _ e - Lmha sct-a7t0
Crosstalk *SV 50 K‘l )= Fig. 4— Typical on-seate resistance vs. input signel
Frequency Do 2 o) source voitage (all types).
RL 200 (3¢}
Propagation dSSF 5 - |- - =12 40 @ | AMBIENT TEMPERATUAL n.|-u~cﬁ‘ ki UH
Delay (Signal GND CL\/ ‘5 10 |- (- ]- |- 110 20| ns Lo ORI e HRILHE
Input to Signal |V, = 10V (Square PP I ISR R 7 15 Fn i” "'1”; U‘J ']7" IR
Outout) tyg wave centered on 5V o sool il ,L su»uv Vo Vag 1+ 8 all
tr. tg = 20 ns g i'i'; | R Bk
—— £ ool : I !
Capacitance Pg §
input, C VDD"SV I - - - - 8 - gmﬁl
Vgt Vgs -5V ISR R I R AR R R
Output, Cyq C*Vss i | l & oo}
Feedthiough, ’ I l ] 05 i 2
Cios [ | | ' “g o0
3 i
t_—"'?in'“ 2% o0 13 s 'S W

INPUT SIGNAL VOLTAGE (V (== V $IC3-21130W

Fig. 5= on-itate resutance vi. input tignal
voltage (ail types)
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CDA4066B Types

CMOS Quad Bilateral
Switch

For Transmission or Multiplexing of Analog or

Digital Signals
High-Voltage Types (20-Volt Rating)

The RCA-CD40668 is aquad biateral switch
intended for the transmission or multiplex-
ing of analog or digital signals. Itis pin-for-
pin compatible with RCA.CD40168, but
exhibits @ much lower on-state resistance. In
addition, the on-state resistance 1 relatively
constant over the full input-signal range,

The CDA0668B consists of four independent
bilateral switches. A single control signal is
required per switch. Both the p and the n
device in a given switch are biased on or
oft simultanecusly by the control ugnal.
As shown in Fig.1, the well of the n.channel
device on each switch is either tied to the
input when the switch is on or to Vgg when
the switch is off. This configuration elimi-
nates the variation of the switch-transistor
threshold voltage with input signal, and thus
keeps the on-state resistance low over the full
operating-signal range.

The advantages over single-channel switches
include peak input-signal voltage swings equal
to the full supply voltage, and more constant
on-state impedance over the inpul-signal
range. For sample-and-hold applications,
however, the CD40168 is recommended.

The CD4066B is available in 14-lead ceramic
dual-in-line packages {D and F sulfixes),
14-1ead plastic dual-in-line packages (E sut-
fix}, 14-lead ceramic ftat packages (K sutfix),
and in chip torm (H sutfix)

Features:
® 15-V digital or £7.5-V peak-to-peak switching

® 1250 typical on-state resistance for 15-V operation
® Switch on-state resistance matched to within 5 § over

15-V signal-input range

® On-state resistance flat over full peak-to-peak signal

range

® High on/off qutput-voitage ratio: 80 dB typ. &

fis = 10 kHz, R = 1kQ2

® High degree of linearity: <0.5% distortion

typ. @ fig = 1 kHz, Vi3 » 5 Vp-p, Vpp -

Vgs 210V, R = 10 k{2

Extremely low off-state switch leakage

resulting in very low offset current and high

effective off.state resistance: 10 pA typ. @

Vpp - Vsg =10V, Ta = 250C

Extremely high control input impedance

{control cireuit isolated from signal cir-

cuit): 1012 Q wyp.

Low crosstalk between switches: —50dB

typ. @ fjs = 8 MHz, R|_= 1 k{2

8 Matched control-input to siynal-output
capacitance: Reduces output signal
transients

u Frequency response, switch on = 40 MHz
(typ.)

8 100% tested for quiescent current at 20 V

5.V, 10-V, and 15-V parametric ratings

Meets all requiremants of JEDEC Tentative

Standard No.13A, “'Standard Specifications

for Description of **9"' Serizs CMOS Devices'’

MAXIMUM RATINGS, Abso/ute-Maximum Values:

OC SUPPLY-VOLTAGE RANGE. Vpp!
{Voltsges referknced to Vee Tarminall
INPUT VOLTAGE RANGE, ALL INPUTS

~0510¢20V
-0510Vpp *03V

OC INPUT CURRENT. ANY ONE INPUT (except lor TRANSMISSION GATE which is 25 mA). 10 mA

POWER DISSIPATION POER PACKAGE (Pp)
For T, ® 4010 +60 C (PACKAGE TYPE E)
Far T, = ¢+60 10 +85 C IPACXAGE TYPE E)

o 500 mw
Derate Lineariy at 12 mW/ C to 200 mw

For T, =-5510 +100°C (PACKAGE TYPES D. F, K)
For T, » +100 10 +125°C IPACKAGE TYPES D, F.K)
DEVICE DISSIPATION PER QUTPUT TRANSISTOR
FOR TA * FULL PACKAGE TEMPERATURE RANGE Al Package Types) 100 n.W
OPERATING TEMPERATURE RANGE (TAl
PACKAGE TYPESD, F. K, H
PACKAGE TYPE E
STORAGE TEMPERATURE RANGE (T, |
LEAD TEMPERATURE {DURING SOLDERING)
At distance 1/16 £ 1/32 inch (159 £ 0 79 mm) trom case tor 10 s max +265°C

o S00 mwW
Ovrgte Lineary a1 12 mW/ C 10 200 mW

-85 10 ons:c
-4010 +85°C
-65 10 +150°C

RECOMMENDED OPERATING CONDITIONS

For maximum reliability, nominal operating conditions should be selected so that oper-
ation is slway: within the following ranges:

LIMITS
CHARACTERISTIC } ve I " UNITS
, Min, ax,
Supply-Voltage Range {For TA = Full Package-
Temperature Range) 3 18 v

ws0ut —f t—‘ Yoo
s

Out s ey

FUNCTIONAL DIAGAAM

Applications:
® Analog signal switching/multiplexing
Signal gating Modulator
Squelch control Demodulstor
Chopper Commutating switch
Digital signal switching/Multiplexing
Transmission-gate logic implementation
s Analog-to-digitel & digitai-to-analog
conversion
® Digital controt of frequency, impedance,
phase, and analog-signal gain

CONTROL ~

r

sy SIGNAL-LEVEL RANGE
ws SV, Avpg

i’oo
NOTE
ALL *BSUBSTRATES
CONNECTED TO vop

vy

MORMAL OPERA&TION
COMTROL-LINE BIASING
SwiTCH Om e vpp
SWITCH OFF Ve 07 svyy

-

ALL CONTROL INPUTS ARE
PROTLCTED BY COS/ MOS
PROTECTION NE!?®ORK

ey vt

Fig. | - Schemaric diagram of 1 0° $ 1dentical
swirches and (13 associarea control
crreuitry.
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Typical Applications

LM146/LM246/LM346

Dual Supply or Negative Supply Biasing

Single (Positive) Supply Biasing
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Current Source Biasing

Biasing all 4 Amplifiers

with Temperature Compensation with Single Current Source
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& 1 absolute tamparature. This cancels the shight GBW product 1t 8 alight error butween the 2 1at currents can be tolarated.
1 i temperature coetiicient of the LM346. 1 not, then use R1 = R2 to creats 8 100 mV drop across
these resistors
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Application Hints

Avoid reversing the power supply polarity, the device
will fail,

Common-Mode Input Voltage: The negative common.
mode voitage limit iy one diode drop above the negative
supply voltage. Exceeding this himit on either input will
result in 8n output phase reversal. The positive common-
mode himit is typically 1V below the positive supply
voitage. No output phase reversal will otcur if this limit
15 exceeded by either input.

Output Voltage Swing vs ISgT: For a desired output
voltage swing the value of the minimum load depends on
the positive and negative output curent capability of the
op amp. The maximum available positive output current,
{IgL+). of the device increases with IGET whereas the
negative output current {Ig -) is independent of ISET.
Figure 1 illustrates the above, '

™1 T T 177
- -CUIlUﬂ\I’MY(Icl_):I—'i
A e S O S 0 D
= .
)
i . |
2w T
= i * ’
* Lo}
« ——t —r——L—q
S = i
; ) s
I oy Vg Y
Tael8 ¢
L]
] 1 4 L] 1 "
I“yhll

FIGURE 1. OQutput Current Limitvs ISET

Input Capacitance: The input capacitance, Cin, of the
LM146 15 approyimately 2 pF, any stray capacitance,
Cg. {due to external circuit circuit layout) will add to
CiN- When resistve or active feedback is spplied, an
additional pole iz added to the open loop frequency

response of the device. For instance with resistive feed--

back (Figure 2). this pole occurs at 1/2n (RNiR2)
{CiN + Cg). Make sure that this pole occurs at least
2 octaves beyond the expected —3 dB frequency corner
of tre closed loop gain of the amplifier; if not, place a
lead capacitor n the feedback sucn that the time con:
stant of this capacitor and the resistance it parailels 1§
equal to the R){Cg + C|N), where Ry i3 the input resis.
tance of the circurt

FIGURE 2

Temperature Effect on the GLW: Th2 GBW (gain
hardwidth producti, of the LM146 s directly propot
tona' 1o lceT and tnversely beoportinnal to the ab-
soiute tempergtyce  When using resisturs to set the
bias current IgeT of the device, the GBW product will
decrease with noregsi~g temperature. Compensation
carn be provided by creating an IgET current directly
proportonal 1o terrperature {see typical applications),

Isolation Between Amplifiers: The LM146 die is iso-
thermally layed out such that crosstalk between a/l 4
amplitiers is in excess of =105 dB (DC}. Optimum
isotation (better ghan —110 dB) occurs between ampli-
fiers A ard D, B and C; that is, «f amplifier A dissipates
power on its output stage, amplifier D is the one which
will be affected the least, and vice versa, Same argument
holds for amplifiers B and C.

LM146 Typical Performance Summary: The LM146
typical behavior is shown in Figure 3. The device is fully
predictable. As the set current, ISET, increases, the
speed, the bias current, and the supply current increase
while the noise power decreases proportionally and the
Vog remains constant. The usable GBW range of the op
amp is 10 kHz 10°3.5-4 MHz,

1oM
Z . 2 ln
g H E
g ] 3
£ z 2
<
" 2
E 1001 i ]
10 o

BUMLY CURRENT (A

3} ' ”
ET WAl

2
W

e
ut)’ gzi\_ ~(~>
0

FIGURE 3. LM148 Typical Charactaristics

)
Low Power Supply Operation: The quad op amp oper-
ates down to *1.3V suppiy. Also, since the internal
citcuitry 1s brased through programmable current sources,
no degradation of the device speed will occur.

)

Speed vs Power Consumption: LM146 vs LM4250/

{single programmable). Through Figure 4, we observe
that the LM146'< power cansumption has been opti-
m.zed for GBW products ebove 200 kHz, whereas the
LA13258 viitl reach @ GBW of no more than 300 kHe, for
GBW products below 200 kHz, the LM4250 wil con-
sume tess

CameRIGULT i
LR VE IR SR LI}

SUPPLY CURMENT LAl

FIGURE 4 LM146 vi LMA250
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Typical Performance Characteristics icontinued)

Open Loop Voltage Gain
vs Temperature

Gain Bandwidth Product
vs Temperature ’
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Input Noise Voltage vs
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Input Noise Current vs
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Power Supply Rejection
Ratio vs Frequency
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s t TYPES 2N2217 THRU 2H2222, 2N2218A, 2N2219A, 2N2221A, 2N2222A
N NG
{ v N-P-N SILICON TRANSISTORS
:‘ - BULLETIN NO. DL S 7311916, MARCH 1973
E ‘ «i DESIGNED FOR HIGH-SPEED, MEDIUM-POWER SWITCHING
. [ AND GENERAL PURPOSE AMPLIFIER APPLICATIONS
i e hEE...Guarantead from 100 4 A to 500 mA
| o HighfTat20V,20mA ...300 MHz (2N2219A, 2N2222A)
' 250 MHz (all others)
e 2N2218, 2N2221 for Complementary Use with 2N2904, 2N2906
e 2N2219, 2N2222 for Complementary Use with 2N2905, 2N2906
*mechanical data
Device types 2N2217, 2N2218, 2N221BA, 2N2219, and 2N2219A are in JEDEC TO-5 packages.
Device types 2N2220, 2N2221, 2N2221A, 2N2222, and 2N2222A are in JEDEC TO-18 packages.
THE COLLECTOR 18 IN ELECTRICAL CONTACT WITH THE CASE
. Q0 N - 0100 s uam Ut -
Mo U] e =
:'?;:: 21y o -1L- Y. )’ 063 ou | - -
p et — N — oy mun e
DJ——"-— ‘ °|“——T o100/ \,M, ;;!"j ': o -
6100 um.—I:J.’)- Goor 1 11ADs 1 MAw e yunn B SOond ey ! e
DITAUY OF OUTUNE 1N~ =f LIS /I“ . [l
115 1ONE OPHONAL “ stating 00te
@ nant
T0-5 DIMENSIONS ARE [N INCHES UNLESS OTHERWISE SPECIFIED
105 T0-14
*absolute maximum ratings at 25°C free-air temperature {unless otherwise noted)
[
I : 22175 5218a | 2V2220 5090014
1 N2218 | o oa | 2N2221| 50 oo o TUNIT
2N2219 2N2222
Collector-Base Voltage 60 75 60 75 \
Collector-Emitter Voltage {See Nate 1) 30 40 30 40 \
Emitter-Base Voltage 5 6 5 6 \Y
| Continuous Collector Current 0.8 0.8 0.8 0.8 A
| Continuous Device Dissipation at {or below) ,
1 26°C Free-Aiwr Temperature {See Notes 2 and 3) 08 0.8 0.5 08 W
| Continuous Device Dissipation at {or below)
U mp® . 1.
1 25 C Case Temperature {See Notes 4 and 5) 3 3 18 8 w
| Operating Collector Junction Temperature Range —6510 175 °C
| Storage Temperature Range -65 1o 200 1 °C
TLead Temperature 1/16 Inch from Case for 10 Seconds 230 | °C |
NOTES 1. Thessvalues apply between 0 end 500 mA collector current when the bsse.-emitter diods is opsen-circuited.
2. Derate 2N2217,2N2218, 2N2218A, 2N2219, and 2N2219A Linearty 10 175°C fras-air temperature at the rete of 5.31 MW/ C.
3 Derate 2N2220, 2N2221, 2N2221A, 2N2222, and 2N2222A hinearty to 175°C fras.air tgmpereture st the rate of 3.33 mw/°C.
4 Darare IN2217, 2N221B, 2N2218A, 2N2219 sng 2N2219A 1inearty to 175°C case tempersture at the rats of 20.0 mw./ " C.
5. Dersrs IN2220, 2N2221, 2N2221A, 242222, and 2NZ2222A Linsarly 10 175°C case tempersture st the rate of 12.0 mW/°C.
“JEDEC regratecad data. This data sheet contains et applicable regitered date (n ef{ect at the time of publication. USES CHIP N2¢
m
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TYPES 2N2217 THRU 2N2222, 2N2218A, 2N2219A, 2N2221A, 2N2222A
N-P-N SILICON TRANSISTORS

2N2217 THRU 2N2222

*electrical characteristics at 25°C free-air temperature (unless otherwise noted)

[ _Tos5- T an2217 2N2218 2N2219
PARAMETER '  TESTCONDITIONS | 7018~ 2N2220 2N2221 2N2222 | UNIT
\ MIN MAX | MIN MAX | MIN MAX
v Collactor-Base i 100A | 0 80 60 60 v
P -
1 VIBRICBO g .y down Voltags i ¢ KA TE | i
[ Collector-Emitter : |'
! V(BRICEO Breakdown Voltage vige 10mA, Ig=0, See Note 6 | 30 30 30 v
{[ v Emitter-Base ' \ 10 uA. 1 0 ‘ 5 5 5 v
, : {BRIEBO g ..k down Voltage € wAC i
! , Cotlector Cutoft " Veg =50V, 1g=0 10 10 10 nA
| €8O Current “Vea 50V, g = 0. Ta=150°C 10 10 10 | uA |
' lgego Emitter Cutoff Current r Veg =3V, Ig=0 10 10 10 | nA
ﬁcg-lov, Ic = 100 4A ;20 35
[Vee=10V, Ic= 1 mA 12 25 50
N Static Forward Current "Veg=10V, ic=10mA ] 17 35 75
FE Transfer Ratio VcE =10V, Ic-150mAl o T20 60 | 40 120 | 100 300
VeE = 10V, g 500 mA] et D) 30
X VCe= 1V, Ic=150mA 10 20 50
} . lg = 15mA, Ic=150mA 1.3 1.3 1.3
Y Base-Emitter Volt, Sae Note 6 v
|, BE sseEmitier Voltage 5 = S0 mA, Ic=S00mA| 26 28
i VeElan Collector-Emittar ig= 15mA, I =150 mA Ses Note 6 04 | 0.4 0d |
| YCElat g, uration Voltage Tp = S0 mA, I = S00 mA | 6 16
f Small-Signal
| !
Common-Emitter
Y ! VCE=20V, Ig=20mA, f=100MHz | 2.5 25 26
./ 4 , Pte! Forward Current l CE -l mA t= z
s Transter Ratio % 1
“L«-f Transition Frequency | VcgE=20V, Ic=20mA, SeeNote? | 260 250 | 250 MHz2
, Common-Base ‘
' Cobo Open-Circuit Veg =10V, Ig~0, te1MH2 8 8 8 | pF
\ Output Capacitance
f Real Part of
! Small-Signal
| Miglreel) Common-Ermitter VCE =20V, Ig=20mA, {=300MHz 60 60 60 n
L Input Impedance

NOTES: 8. These psrameters must be messured using pulse techniques. t,, = 300 ks, duty cycle < 2%,

7. To obtain fr, the hy,l respanse with frequency s extrapoiated st the rate of —6 dB per octave from { » 100 MHz to the
trequency st which hggle 1.

switching characteristics at 25°C free-air temperature

i PARAMETER TEST CONDITIONS? TYP |UNIT

l_!d Delay Time Vee~30V, Ic=150mA, Ig(1) = 15mA, 5| ns

it Rise Time VBE(of) ™" =05V, See Figure 1 15 | ns
ty Storage Time T Veeov3dov, ic= 160 mA, Ig(1) = 15 mA, 190 [ ns
1} Falt Time 1 fg(z21 = —16 mA, See Figure 2 23 m

'Voluoc and current values shown sre nominal, exact values vary alightly with transistor paramaeters,

*JEDEC registared dats

4.94 TEXAS INSTRUMENTS

INCORPORATED
POSY OFFICE MOX 3012 + OALLAS. TRXAB 732233
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TYPES 2N2217 THRU 2N2222, 2N2218A, ZN2219A, 2M2221A, 2N2222A
N-P-N SILICON TRANSISTORS

2N2218A, 2N2219A, 2N2221A, 2N2222A

*electrical characteristics at 25°C free-air temperature (unless otherwise noted) ' -

P P - h}
(— [ TO5— 2N2218A " 2N2219A
PARAMETER i TEST CONDITIONS T0-18 — 2N2221A 2N2222A UNIT
| I , | MIN  MAX | MIN  MAX *
' Vigricgo Coliector-Base Braakdown Voltage j Ic=104pA, 1g=0 / 75 75 Vv
i VigA)ceo Coliector-Emitter Breakdown Voltage, Ic = 10 mA, g = 0, Ses Note 6 40 40 v
lFV(BR)EBO Emitter-Base Breakdown Voltage [g=104A, Ic=0 6 -6 v
! lcso Collector Cutoft Current Vea =60V, le =0 - 19 10] A
[ Vcg =60V, Ig=0, Ta = 160°C 10 10 | uA
ICEV Collector Cutoff Current Veg »60V, Vgg = -3V 10 10 | nA
Mgev Base Cuto!f Current Vee =60V, Vge » —3V ~20 -20 | nA
- 'gBO Emitter Cutoft Current VEg=3V, Ic=0 10 10 | nA
{VCE-10V, ic = 100 uA 20 35
Wee =10V, 1= 1mA 25 50
Vce =10V, Ic=10mA 35 75
i hEE Static Forward Current Ve =10V, ic=150mA 40 120 | 100 300
i Transter Ratio Vee =10V, 1= 500 mA Ses Note 6 25 40
\ Ve~ 1V, ic=150mA 20 50 L.
i Vee =10V, Ig=10mA,
!‘ TEE- -55°C ¢ 18 s
:‘ VBe Base-Emitier Voltage }:2 : ;2 ::: :2: ;zg :2 See Note 6 08 1'; e 1'; v
‘ VieE(sar)  Collector-Emitter Saturation Voltage i:: : ;z :2: :2: 1522 :: See Note 6 o':: 0':: v
g " Sera11-Signal Common-Emittar iVCE =10V, ig=1mA 1 35 2 a | 0
_ " Input Impedance IVCE =10V, Ic=10mA 0.2 110,25 1.25
" Small-Signal Forward Current Eicg =10V, Ic=1mA 30 150 | 50 300
e Transfer Ratio Vee- 10V icm0mA |, e 50 300 | 15 375
. " Smail-Signat Common-Emtter Veg =10V, ice1mA | 5x10~4 8x10~4
Lo Reverss Voltage Transter Ratio Weg =10V, Ic=10mA 2.5%10—4 4x10—4
, Small-Signal Cornmon-Emittar 'VCE =10V, ic=1mA 3 15 5 35
hoe smho
Output Admittance VeE= 10V, ic=t0mA [ 10 100 | 25 200
Small-Signal Common-Emrtter :
Prel Forward Qurrent Trensfer Ratio VCE" 20V, Ig=20mA, 1= 100MHz | 2.5 3 |
tr Teansition Frequency Ve =20V, Ic=20mA, See Note 7 250 300 MHz
¢ Common-Bese Open-Circuit “V “10V. (gm0 = 100 kH 8 8 E
. obo Output Capacitance vee BT ! P
' Cibo ﬁ:’p’::"::pi:i:no:" Cireult IVEB “05V,ic=0, { = 100 kHz 25 25 | of
e o e e masirge|VGE 7 7OV- 7 T0mA, =200 & o] 8
ub’Cc Callector-Base Time Constant [ch =20V, Ic~20mA, t=31.8 MHzi 150 160 | ps

NOTES: 6. Thess psramaters must be massured using pulse tachniquas. t, = 300 us, duty cycle & 2%.

7. To obtan fy, the hyg| response with frequency Is axtrapoisted at the rete of —6 dB per octave trom ¢ = 100 MHz 10 the
frequency stwhich hygf= 1.

*JEDEC registered date

m

TeExAS lNSTRUDMENTS .95
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POST OFFICE BOX 3012 +» DALLAS TEXAS 78222
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- TYPES 2N2217 THRU 2N2222, 2N221BA, 2N2219A, 2N2221A 2N2222A
N-P-N SILICON TRANSISTORS

*operating characteristics at 25°C free-air temperature I

T0-5- [2nN2218A [2N2219A
| PARAMETER TEST CONDITIONS TO-18 = 2N2221A | 2N2222A | UNIT
; MAX MAX
| £ Seot Noise Figure Vg =10V, Ic=10L uA, Rg =1k, f=1kHz 4 d8
*switching characteristics at 25°C free-air temperature
TO-6— |2MN2218A | 2N2219A .
i PARAMETER TEST CONDITIONS? TO-18 = | 2N2221A | 2N2222A | UNIT
: MAX MAX
r
tg Oelay Time 10 10 i1}
Vee =30V, ic = 150 mA, | = 165 mA,
1, Rise Time Vcc o 5vc SB“F)i 1 25 25 | o
Elotf) = V.0V, es Figure
" 1A Active Region Time Constant} BE {of) 9 2.5 2.5 ns
! ty  Storage Time Vee =30V, Ic=150mA, Ig(y) = 15 mA, 225 225 ns
(1' Fall Time Ig{2) = ~15mA, See Figure 2 60 60 ns
'Volroqa and currant values shown are ncmlnl_l. exact values vary shightly with transistor parameters.
$Uncer the givan conditions T4 It equal to :—:’ . ~
*PARAMETER MEASUREMENT INFORMATION
+99V mean,
+30V
INPUT
200 N —05V
.‘1 OUTPUT
4 6190
INPUT
o
TEST CIRCUIT VOLTAGE WAVEFORMS
FIGURE 1-DELAY AND RISE TIMES
+16.2Ve==
. +30V INPUT .
-138V
|
|
20kq -y e
INPUT (R
QUTPUT —.{ ty re—
IR
s0n i T
i/ outeuT
90%
TEST CIRCUIT VOLTAGE WAVEFQRMS
FIGURE 2-STORAGE AND FALL TIMES
. NOTES: ». The input wavelorms have the following characteristics: For Figure 1, t, & 2 ns, t,, € 200 ns, duty cycle € 2%, for Figure 2, '

ty € 8 ne, t,, ™ 100 us, duty cycle € 17¢%
b. At wevelorms sre monito. #d 0n an 03c11i01dope with the foliowing chaeractaristics: t, & 8 ns, Ry, @ 100 k2, Cjn € 12 pF.

"JEDEC registerad dats

. PRINTED 1N U S A »
- . U1 tunnel aitume any tespentibibify for sny tirewifs Mown
496 TEXAb IN S-l Q U M ENTS ot tepresent that thep are free lrom patent iate.ngement
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CHIP TYPE N24
N-P-N SILICON TRANSISTORS

e 40 n b A ome aua age am o

o~

; e N24isa 19 X 19-mil, epitaxial, planar, direct-contact chip

e Available in TO-5, TO-18, TO-39, a short-can version of TO-78,
plastic dual-in-lina quad, and Silect? packages

e For use in general purpase amplifier and medium-current
switching circuits

electrical and operating characteristics at 25°C free-air temperature

OBSERVED VALUES
PARAMETER CONDITIONS UNIT
LOW TYP HIGH
Vigricag Collector-Base Breakdown Voltage | 1 = 100 A, lg=0 BQ* 100 v
v Collector Emitter Ic = 10mA Ig=0 See Note 1 e as v
{BRICED g 0.vgown Voltage ¢ ’ 87" o Note
V(BR)EBO Emitter-Base Breakdown Voltage | lg = 100 kA, Ic=0 . 6* 6.5 v
IcBO Cotiector Cutoff Current Vg =50V, g =0 <t 100] nA
IEBO Emitter Cutoft Current Veg=4V, ic=0 <1 100| nA
Vg =10V, lc= 1 mA 20 70
n Static Forward Current Veg =10V, Ic=10mA 50 100
FE Transter Ratio VeE= 10V, Tc = 150 mA Seo Note 1 50 120 600
Vee =10V, Ic = 500 mA 20 95
1g = 15mA, Ic= 150 mA 0.95 )
Vi Bese-Emitter Voltage See Note 1 v
BE o Tg = 50 mA, o = 500 mA i 115
Collector-Emitter Ig = 15mA, I » 160 mA 015 03
v, p— v
CElstl g5 iuration Voltage Ig = 50 mA, ic = 500 mA See Note 1 0.4
Small-Signat Common-Emitter
hie 0 ® 05 2 K
{nput Impedance
hte Sma!i-Signal Common-Emiuerv 20 .
Forwsrd Currant Transfer Ratio Ve v 10V le=1mA fa1kH .
n Small-Signal Common-Emitter ce ) ¢ ! ' 08x 6x
re Reverse Voltage Transter Ratio 104 104 ]
Small-Signal Comman-Emitter
h mho
o¢ Qutput Admittance 6 20 |u
i1 Transition Frequency Vee= 10V, Ic=50mA, 1= 100 MHz 100 400 MHz
Common-Base Open-Circuit
C Veg= 10V, lg= 4. F
obo Qutput Capacitance ce E"O 5 2\ e .
- =1 MHz,
c Common-8ase Open-Circuit VER=0S5V Ic=0 Sea Notes 2 end 3 0 30| of
i =0 - ] t n
ibo input Capacitance EB ' ¢ ¢ Noter 29 P
Ceb Collector-Base Capacitance Veg = 10V lg~0 40 pF
14 Delay Tima Vgc =30V, ic ™ 150 mA, 2N2218A 1 5
te Aise Time fg(1) » 1SmA, VBEiot) * —0.5 V|Data 15 -
ty Storage Time Vee =30V, ic = 150 mA, Sheet 190
ty Fall Time Igi1) = 15 mA, 1g(2) ~ —=15mA _[Circuit 23
tg Oelay Time Vee =30V, Ic = 150 mA, 6
t, Risa Time VEE(off}) ®~4.1V, Sea F.qure 15 ~
ty Storage Time Vee =30V, Ic~ 160 mA, IB(1) ~ 165 mA, 190
1 Fell Time 1g(2) ~ =15 maA | 21

T Trademark of Texas Instrumaents
hess values do not modily guarantesd limits far specific devices and do Not justify Operation in excess of ebolute meximum ratings.
NOTES: 1. These parameters were meswured using puite techrigues t, = 300 us, duty cycle € 2%.
2, Cspacitence messurements were made uging chips mounted 1n TO 5 packages
3. Cep Messurement amploys & threa-terminal C808citance bridge INCOrPOreting & guard circuit, The emitter (1 connected to he
gusrd terminal of the bridge. Cypo #nd Ciye Measurermunts are made with the third termins! tioating

5102 TEXAS| INsrRuy ENTS

NCOHRPNRATE
SOSY OFFICE BOX 3017 . DALLAS, TEXAS 73222
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CHIP TYPE N24
N-P-N SILICON TRANSISTORS

PARAMETER MEASUREMENT INFORMATION - oy
Vgg~—4.1V Vee" 3V t< tns <€ 10ns '
10 Voo ‘
. INPUT
ov —
OUTPUT fo-1gn -u’ b gy -
'_.\"d "- | =ty "1 |
INPUT
—’1 ‘r —.l " "—

0% T0%
Vv —
= Rg = 22 = R - JCCYCRInY OUTPUT
g Ic

{See Notes a and b)
TEST CIRCUIT VOLTAGE WAVEFORMS
NOTES: a. The input weveforms sre supplisd by s generstor with the following characteristics: 2oyt ™ B0 1. for measuring tg and t,,
Ty ™ 200 ns, duty cycle € 2%; tor measuring t and 1y, 1, ™ 10 us, duty cycle & 2%.
b. Waveforms sre monitored on an nscilloscope with the following characteristics: t, ™ 1 ns, R, € 100 k1, €| € 7 pF,

FIGURE 1-SWITCHING TIMES

CAmn 'S e e canas 2han -2 4 JRan aaeeaie A See M an Sm it ie b4

. TYPICAL CHARACTERISTICS .-
‘cBO v Ty Normelized hgg w3 Ig Vgew ic
=TT - v 19 —r— 1" i
BT e e T HE
L:E—o—w 1 + A 3 o, g bl 10| toewore
1o R S A I < £ 4 e H - N i t
g o e — 1 i ft- KB w-
PO T T t i g,.,“.;t 2eh
P i : N Lt
: '&ﬁ : 3 gn 1“‘,,/"”"1’ I
e ¢ A i
=== ! Lo
8 ; & CHmTT
3} T T o1 L L]
N B H T
M } : o LU
L] » 0 »® L] 100 3] 04 4 10 40 100 400 100G o1 Q4 4 10 4 00 400 1000
Ta-Froean Tampeatues-C I =Coractor Current-mA Ig-Catiacror Curreni—ma
FIGURE 2 FIGURE 3 FIGURE 4
VCE(sat) v IC VCE(ser) v I
> o; L. = > b T =] 1 g
4 * ) See Mo s —Hb Rt
> $ oo TR b i i P oo rmm i 0
" 3 —-JAO»—o—oWQ—-T—A e p e § T W ‘ Hhu ?W 2 ,ﬂ‘
H : o;L—,-L....._.l L,. [P U e 3 02 ﬂ L U “.T
' ! VA ] i
H H ; Y LY fidt
] M HETY 1l
B i
[ it et £ § 4 ' e
,l p—l—sb»&::j-‘ n‘w-..-,-Lt,A»u—-ya«-«- g 5‘“ b 1 i TH
[E] r—-.i.‘ s l:nmo—o—#v b b b i joor | : ‘*_. volt"“‘r' L‘ ‘7_‘_1 -rm
— b eprons 1 r.. et & e . [ i : |
oialic i I leLJ-——LLLhw > > 001 t_x_uu..g_l 1“’ .J_MJLLLLMM
o 0e . 10 40 00«00 1000 4100 0D 1000
IC-C."(I. Cuirent-mA lC - Councios Cyrrgmy mA —C.AR!D’ CM"-H-M
FIGURES FIGURE 6 FIGURE ?

NOTE 1 These Parametars wors mestured using Dulse techniques t,, = 300 us, Guty cycle < 2%

. v

TEXAS INSTRUMENTS

INCORPORATED

POST OFFICE BOX 3012 + DALLAS TEXAS 78232
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CHIP TYPE N24

g —. A I Mt sl s e

N-P-N SILICON TRANSISTORS

f

TYPICAL CHARACTERISTICS

Normalized hig, hig, hyg. hoe V8 iC Cobo- Cibo: Ccb v VR
00 - 0
E ,:‘f—f::v : 800 t=100 MM | 2 T I R
. Ve Tas25°C peeoy T Tav28c
» 7’sc . - L 0 See Notes 2 ang )
; ‘ Tj‘h : T ; b T J " ? N
oo : ;T -
3 3 1300 ——y g M
] A W s t %
: £ o bt Ak 30 boo
: i~ i) 3y T
: H Tppid . i i
& N it
H e f ‘ ﬁ?-m Shb
: AT 2 iy
H 0 o [T I
* 001 00401 04 1 4 10 40100 V2 4 710 20 40 10100 04 02 04071 2 4 710 20 &
1¢-Corlector Currant—maA 1¢-Coltector Currani-mA + Va=Aeserm Voitsge-v
FIGURE 8 FIGURE 9 FIGURE 10
tavs lg tyvsic
e - e
© e e & masi ” \\ i ‘Yl:s-l;s")c.-“v
: . I‘ ) bl ¥ 1' 1 \ [Ii Fqura t Creuit
HEX: ! . ¢ L i
LT o N - 5
= 10 . 7 . AR - T
j ? 1= .C‘E At ‘! | lM l
3 1 - h 1 1
v . LR Bom B !‘.h
R RRERN N e V4
| Vee-o N
2| YBtiom -1V Atk
o ] | ‘ 8y '§ l
Y i 1 Cireuig 0 i
10 20 40 100 200 400 1000 0 20 0 100 20 &0 100
Ig=Caltector Current—-ma ig-Coliector Current—mA
FIGURE 11 FIGURE 12
tsvic ttvic
o SSssina=ssnat: ' [ “Vecewv |
™ i ic 4l t—1a-25cC
1+ 18111 ° 1812} = 5 <y n Faqure | Cuce
0 T B quen 1 Corcur
| — b el
i 7T I IRREN LTV o IR -
¥ 200 j—dL LT e J |
H 4 nt 0 g \\ W"““ L4 © ]11 il % i JIJ !
£ LUORR TR [ M
1% et Ry ‘5 ! Tﬁ 74 Hie
5 10 = == 3 K P
3 TS e e aett] Lol Py SETIH
K l !#v“‘] N ﬂi_‘;. LTI THIL TS “ Foh
11 DR L
rofvee v h— il L
. P
\g Lwre ! Cireuy “ I [ i w AV
1 0 @ 100 200 40 1000 0 2 @ 100 200 &0 1000
{c-Cowctor Current-mA I¢=Cotlector Currant—mA
FIGURE 13 FIGURE 14

NOTES: 2. Capscitance mussuramaents were made using chips maunted in TO.5 psckages.

3. ch messurament employs 3 three-termina) capecitance bridge Incorporating e guerd circuit. The emitter Is connected to the gu-l‘d
terminal of the bridge. Copg #nd Cjpy, Measurements are Made with the third 1erminsl toating

4. To svoid overheating the transistor, this paremeter was messured with blas conditions sapplied for lews than S secondy
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LM733/LM733C

i L i o ¢ A ot A i B o brmbaimt e B ¢ S A

72071 National
Semiconductor

-~ Industrial Blocks

LM733/LM733C Differential Video Amp

General Description

The LM733/_M733C 1s a two-stage, cifferential
input, differential output, wide-bard video ampli-
fier. The use ot internal feries-shunt 1eedback gives
wide bandwiath with tow phase distortion and high
gain stabitity. Emitter-follower outputs provide a
high current drive, low impedance capability. It's
120 MHz bandwidth and selectable gains of 10,
100, and 400, without need for frequency compen-
sation, make 1t a very useful circuil for memory
element drivers, pulse amphfiers, and wide band
tinear gain <! ges.

The LM733 is specified for operation over the
-55°C to +125°C military temperature range. The
LM733C is specified for operation over the 0°C
to +70°C temperature range.

Features

& 120 MH!? bandwidth

250 k§2 input resistance
Serectable gains ot 10, 100, 400
No trequency compensation

High common mode rejection ratio at high
frequencies.

Applications

® Magnetic tape systems

& Disk file memories

® Thin and thick film memories

® Woven and plated wire memories
® Wide band video amplifiers.

Schematic and Connection Diagrams

Duat-tn-Line Package
™)
Wit

—
e .

P N B

‘( 3
oogh 3% ™S
) L
- P —rt o T
oy —un Ny LULLLLY ! "."...‘."' !
L ‘ a ) “we -‘“’" e
Serad [ M u *mm ) T A
—nr—y - " Order Number LM733CN
= e See NS Package N14A
S ~
e w
Metal Can Packa
. o ou v e~

€.

Test Circuits

Teost Circuit 1

Nemdar in poryathote thow 018 (onnoctions

Test Circunt 2

i ~TSCF

Nets Pia § connncted 18 cont
e vae

Order Number LM733H or LM733CH
See NS Package H10D

Voltags Gain Adjust Circuit

’ [T
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Absolute Maximum Ratings

Differential Input Voltage
Common Mode {nput Voltage
Vee

Output Current

Power Dissipation {(Note 1)
Junction Tempsrature
Storage Temperature Range

QOperating Temperature Range LM7133

LM733C

Lead Temperature {Soldering, 10 sec)

t5V
16V

8V

10 mA

500 mw

+150°C

-65°C to +150°C
-55°C 10 +125°C
0°C to +70°C
300°C

N

Electrical Characteristics (T, = 25°C, unless otherwise specified, see test circuits, Vg = 18.0V)

TEST LM733 LM733C
CHARACTERISTICS TEST CONDITIONS UNITS
CIRCUIT MIN TYP MAX | MIN TYP MAX
Ditferentisl Voitage Gain
Gein 1 [Note 2) 300 400 500 280 400 600
Gain 2 \{Note 3) 1 Ru" 2k Vour®3Ve, | 90 | 100 110 8o | 100 120
Gain 3 (Nots 4} 90 10 1" 8.0 10 12
. Bandwidth
Gain 1 40 40 MH2
Gain 2 2 80 0 MH:
! Gan ) 120 120 MHz
¢
Rise Time |
Gan 1 Vour®1V,, {106 108 n
Gain 2 2 45 10 45 12 n
Gain 3 25 25 m
Propagation Deisy Vour ™ 1 Ve,
Gan 1 7.6 1.6 ny
Gain2 H 60 10 6.0 10 ny
Gain 3 38 36 ™
input Revistance
| Gain | 40 40 [11]
i Gan2 20 | » 10 | 2 %)
Gain 3 250 250 13
tnput Capecitence Gen 2 20 20 oF
Input Oftset Current 04 30 04 80 uA
Input Biss Cutrent 90. 20 . 80 uA
fnput Noise Volitage BW = t LH7z 10 10 MH: 12 12 HVmy
Input Voltage Ravge 1 $1.0 10 v
Common Mode Rejection Rstio
Gon 2 1 Vewm ® 21V 1 €100 kM 60 86 60 88 d8
Gain2 Ve * 11V 1= S MK 60 60 d8
Supply Voitage Rejection Ratic
. Gun2 1 OVy * 105V 50 70 50 70 a8
Ovutput Otfset Voltege
Gaind ' R == 0.6 16 06 1.6 v
Gan2end ) 0135 10 0.35 15 v
Output Common Mode Voltege 1 Ry = 24 29 4 24 29 34
' Output Voltege Swing t R *2% 3o a0 30 40
| Output Sink Current 25 6 25 kX ) mA
!
| Output Restence 20 20 aQ .
\ Power Supply Current 1 R e 18 24 18 24 mA
I '
1
i o
i
1
—_
9-55
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LM733/LM733C

|
Electrical Characteristics (continueq)
“ {The following specihications apply for -55°C < T4 < 125°C for the LM733 and 0°C < T, < 70°C for the LM733C, V, = £8.0V)
i TEST ‘ LM733 LM733C
' CHARACTERISTICS CIRCUIT | TEST CONDITIONS MIN TP l WAX MIN P MAX UNITS
i o
‘L Ditterantial Voltage Gain I
Gan ‘| L 600 | 250 800
l Gan 2 o R_=2ufl Voyr»3V,, | 87 120 80 120
| Gand , 80 120 80 120
‘ Input Resistance Gen 2 \ 8 ] (313
Input Oftset Current i 1] 8 HA
1 tnput Bias Current ~ 0 40 uA
l input Valtage Range 1 1 11 v
| Common Mode Rejsction Ratio
' Gan2 . t Vem = 21V, 1 < 100 xH2 50 50 d8
!
! Supply Voltege Rejection Ratio
| Gun2 ' OVg = £0.8V 50 50 a8
l Output Ottiet Voltage 1
i Gan 1 R »w 16 16 v
| Gan2end 3 12 18 v
} Output Voltage Swing 1 AL e 2k 25 28 Ve
Output 3ink Current 2.2 265 mA
Power Supply Currant ] Ry ne Fi] 27 mA
Note 1: The maximum junction temperature of the LM733 is 150°C, while thet of the LM733C is 100°C For operation
at elevated temperatures devices in the TC-100 package must be dzrated based on a thermal resistance of 150°C/W junction
to ambrent or 45°C/W junction to case. Tharmal resistance of the dual-in-line package 15 100°C/W,
Note 2: Pins G1A and G18 connected together.
Note 3: Pins G2A and G28 connected together.
Note 4: Gain seiect pins open,
Typical Performance Characteristics
Puise Resporse vs Pulse Response vs
| . Pulse Response Temperature Supply Voltage
! 18 |
: T T1 Voot 18— T T T T Team: 14 [ [ [ Teawz |
| 4 i Tae257C [ e T™T vy o v " T T 71057
- " + A . - -
s 12 L + A »fn s 1.2 L B P R o1k 5 12 7 Veerdvl R v 1A0
= " cAN? 4/ 3 " ‘C—'n” w 10 ‘rrv;--sv
S u L T S /¢ 20 FRRTTIN = o |
= cama ) foawy | = h 7 : = J F
E L t I /’ f r + S o4 A 1 [ T g s [
| = bt ———t 5 0 + t - 5 64k !
ERdunny/sunnnn - Sdsnny snnsnn SR ns Ry AN
| E 02 f ] — i + L 02 t A ‘ 502 : }, —
. . k , i | J
T RN a“ﬁ1h. Q'l\ll"t
42 t — 02 } } 3 4
Pyl B RSN NN NN NN NEENEE
b8 0 5 13152025300 “15-10 -6 0 6§ 10 15 20 28 00 M8 <iheib 8§ 0D % 1015 202 O N
TIME (a TIME {m} TIME (ma)
( Oitterantial Overdrive
i Phase Shift vs Frequency Phase Shift vs Frequancy Recovery Time
1
| 1 * [vgerov | 1 ; ! R
! S w lTaen ’ Lr
I 3 ANy o
| - = [ ;
£ £ : RTTTT
§ 5 é wr IR /: . |
w w - Loy i Ll
i < € 7 t
x zr w L ) )
3 . E n .l 1{ / il %
‘ - g B AN
[ ‘ ‘ ‘1 308 1—reemi—inmt | G2 3w = ] = 1
T T N » ! n N
. Ll : - L J 380 ek [ cams ll‘l o L | l Ll
1 3 )2 48 Y 0 ) [ 1] b0 100 400 1000 920 60 80 40100 129 140 180 100 200
FREQUENCY (MHY) FREQUENCY (MH1} DIFFERENTIAL INPUT VOLTAGE (m¥)
— |
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SINGLE-ENOED VOLTAGE GAIN W48}

DIFFERENTIAL VOLTAGE GAIN

OUTPUT VULTAGE SWING IV, )

COMMUN ¥30L REsECTIUN A

Typical Performance Characteristics (continued)

Voltage Gain vs Frequency

“T Voo 0¥
1GAIN 1 10T] :A'f‘;;
e
GAINY2, Iy [
e -~ \ ; :
TR \\\
T16AIN 3 ;
~+t — Hx \ T
_%'l Pt lf
Bl
'] — Lh L l"
1 (Rl 50100 500 100g
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Voltage Gsin vs Rapy
BE T Vi by
4(1[ H 1:'25'1:]
| : T
i

fap, 10}

Qutput Voltage Swing v
Frequency

[ vgertv
Tae28°C.

i

i
1 [ 1) $0 100
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Ratio vs Frequency
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PHASE LOCK[D LOOP

DESCRIPTION

Tne NES64 I8 a versatile, high guaranteed
frequency Pnase Locked Loop designed
for operatlon up to S0MHz. As shown in
the block diagram, the NEEB4 consists of
a VCO, limiter, phasae comparator, and
post datect:ion processor,

APPLICATIONS

¢ High speed modems

e FSK raceivers and tranamitters
* Frequency synthesizars

e Signal generalors

* Varlous satcom/TV systems

FEATURES

¢ Operation with single 5V supply

e TTL compatible inputs and outputs

¢ Guaranteed operation 10 SOMHz

* External joop galn control

¢ Reduced carrier fgedthrough

® No elaborate filteting needed In FSK
applications

e Can be used as a modulator

¢ Varlable loop gain (Externally

OUTLINE OF SETUP PROCEDURE

1. Determine operating fraquency of the
vCO-.
If « N in leedback loop, then
f° alN x fxrr
2. Calculate value of the VCO frequency
set capacllor

=
% 2500 t,

3. Set |, (current sinking into Pin 2) for
3 200.A. Alter operation is cbtalned,
this value may be adjusted for besi
dynamic behavior.

4. Check YCO output frequency with digi-
tal counter at Pin 9 of davice (loop open,
VCO to ¢ det). Adjust Cq lrim or fre-
quency ad|. Pin 4-5 for exact centar fre-
quency if neaded.

8. Closa loop and inject input signal to Pin
8. Monitor Pin 3 and 6 with two channetl
scepe. Lock should occur with ags g
equal to 90°* (phase error).

8. If puised burst or ramp frequency |s
used for Inpu! signal, speclal loop filter

Controlled)
ABSOLUTE MAXIMUM RATINGS
PARAMETER I RATING UNIT !
v+ Supply voitage “ ; v }
Pin 1 ‘ 14 v‘
Pin ;0 ! 6 .
' Pp Power dissipation ; 6800 | mw
Ta Oparating temperature NE I Qto 70 ' °C
. Operating temperature SE -6510 +125 ‘
L tatg Storage temperature -8510 150 . °C i
NOTE.

Cperation above 3 volts will require heatalnking of the case.

BLOCK DIAGRAM

r

S ittt ol O

i

|
Akt 2
6: e comeamATOR o

NE/SE564

e e e e

i
PIN CONFIGURATION
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design may be required in placa of sim.
pla single capaciter fliter on Pin 4 and 5.
(See PLL applicalion saction in Analog
Manual.)

7. The input signat to Pin 6 and the VCO
feadback signal to Pin 3 must have a
duty cycle ol 50% for proper operation
of the phase detector. Due 1o the naturs
of a balanced mixer if signais are not
50% in duty cycle, D.C. offsets will
occur tn the loop which tend to create an
artificial or blased VCO offset.

8. For multiplier circuits whare phase |itter
Is a problem, loop filter capacilors may
be Increased to & vdlue of 10-50uF on
Pin 4, 5. Also careful supply decoupling
may be necessary. This includes the
counter chaln Vec lines,
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ANALOG DIVISION JUNE 1983
PHASE tOCKED LOOP - NE/SES64
ELECTRICAL CHARACTERISTICS Ve =5V, To= 25°C, 1, = SMHz, 15 = 4004A unless otherwise specitied
' - f - | SESB4 NES84
PARAMETER h TEST CONDITIONS f T UNIT
: i Min TypT Max @ Min | Typ | Max
Maximum VCO frequency | C, =0 "s0 65 | L as | 60 MMz
Lock range ' Input = 20CmVYrms T, =25°C i 40 | 70 K \ 40 \' 70 % of fy !
| =125°C , 20 . 30 : ;
i =~5°C | 50 | 80 | ] |
1 =0°C ' ‘ | ©70 |
i =70'C | l 40 |
Capture range inout = 200mVrms, R, = 270 20 | 30 | 20 | 20 | % of f,
VCO frequency drift with fo= 5MHz, Ta= =55°C10125°C . | 400 | 1000 | PPMI*C
temperature =0°Cto70°C i ~ | "\ 400 | 1250
. 1,m500KH2, T,= - 55°Cto 125°C ' | 250 ‘ 500 ‘
! =0°Cto70°C i i | 400 ! 850
VCO fres running frequency 1 i | 1 ‘
fo= —— ,C,=B0pF I 4 5 8 35 5 7 IMHz .
' 25RcCy Rc = 1000 "Internal” 3 ! !
-VCO Irequency change with | Vee= 4.5V 1055V |‘ b3 8 i 3 8 |%otl, |
supp'y voltage i ! | |
" Demodu'ated output voltage Modulation trequency: 1KHzZ ! J !
. o= SMHz, input deviation; \ I
' 2%T =25'C .18 28 16 28 mvrms
‘ 1%T = 25°C i 8 14 8 14 mvems
| =0°C | l 13 mvrms
! a -55'C | 8 | 10 mvrms
| =70°C . 15 mvrms
. | =125°C | 12 18 mvrms |
Distortion ‘. Deviation: 1% 1o B% 1 BEE 1 %
$'gnal to noise ratio | Std. condition, 1% 10 10% dev. | I a0 40 a8
AM rejection \ Std. condition, 30% AM | [ 38 35 a8 |
Demodula ed Output at ' Modulation frequency: 1KHz ! —l I
operating vo'tage i fo= SMHz, input deviation: 1% i |
i Veees 4.5V L7 12 7 12 mvrms
| Voo =55V N 14 8 14 mvrms
Supply current “ Vee=5V Iy, by | 45 | 60 45 | 80 mA
Output .‘
1" output leakage current Vour=5V, Pin 16, 9 ] 1 20 1 20 WA
"0 output voltage loyr = 2MA, Pin 16, 8 I 1 03 0.6 0.3 0.6 v
! lour=6mMA, Pin 16, 3 | | 04 [ 08 04 | 08 v f
TYPICAL PERFORMANCE CHARACTERISTICS
LOCK RANGE vs SIGNAL INPUT vCo C'APACITOR vs FREQUENCY SE/NE 564 TEST CIRCUIT
1000 0o
1 1 T 17T r T T
¢ t ¥ ‘ t ' 1 . \ ' ! “
@ — + ' 100 } L }
' 191N, = 400uA i ‘ \ ; ‘
.TM w'7 1 { | hN ! Y w-" J |
i I -
f ‘L4' S jf § nvi ‘ ‘ﬁ\\ + !
3 ' T ‘ \
; ,,,o‘ . ;i 10} 1 \ 1 et €
LA S ) \ | " ouTP
:“ * : N © N r—{o ! {» A ————I‘O !
g . : \ N . | < a " [ ¢ 'Z_E }
| 1 1 W0 10 1 s 00 r—“'.w_‘ ¢ "ﬁ_c: 1
. FREQUENCY ame c2 r2
P\ e : iy T
10 e ‘_%.‘
0 o080 0 10 t 12 ")

NORMALTED LOCK RANGE
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7 1o oo . ~ 3 vos prAEGUENCT Suns j ]
Som : : 3 ; \‘ ‘ : 2 ! . —}
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CD4067B, CD4097B Types

CHANNEL
NIOUT v

B2CH-LTOAIRY

Fig. 16— Propegetion delay wavetorm, channel
being turned OFF (R, = 300 41,
€, ~50pF).
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CD4067B, CD4097B Types

ELECTRICAL CHARACTERISTICS (Cont'd) TEST CIRCUITS {Cont'd)
] TEST CONDITIONS e
TYPICAL
| $“Af;¢c' Vis | Voo| Bu VALUES | UNITS é
ERISTIC 1wy | wy | (k) | ——}:_1
{ ] — 1
| [ — 1 »
l Cutott 5® 10 |1 | ‘ —_— 3 2
i (-3-d8) ! CD4067 14, - .
Frequency | Vos Vo3 3t Common QUT/IN FDa057 20 —{ 0
Channei ON | 20 10g —=~3 a8 MHz a:
(Sine Wave Vi, Vg 4t Any Channel 60 % . oy F
Input} oo — " 18—
1% (R}
| Total L 2% ] 0.3 —
. Harmonic | 3® 10 10 02 cosoe?
. Distortian, Y
? THO 5 15 0.12 % REUT
i ts = 1 KHZ sine wave Yoo
i ) '
| 4008 5 [ w0 |
i Feedtnrough CD4067 20
! Frequency Vos Vos at Common OPT/IN F=mmes T ~
| {All Channels| 20 log =—=-40 dB MHz —
l OFF '8 Vg4 3t Any Channe! 8 —
{ —_
| s* [ 0| 3
Signal Cross: Between Any 2 Channels® | BN —
—
talk (Fre: Vos Between | Measured on Common 10 Yoo —
quency at 20109 =—=-40dB | Sections MH2z ™
408 Vi €D4097 | Measured on Any 18 1
i Oniy Channel I
; { ~ 10 ’ 10° ! [T
Address-or- Vgg=0. t,.1=20 ns, Fig. 10~ Quiescent gevice current,
t Inhibit-to. VC:VDD'VSS . 75 mvV
i Signal (Square Wave) {Peak)
=~ L Crosstalk
V. —
. Vppo-V
ODTVYss
Peak 10 pesk volisge symmaeteical about
Yoo
4 Worst caw. -
Both ands of channel,
o J .
iu Vw
-
Yoo T Yoo 9
Hl_—u!—‘ ° 0 24
vss 12 = vis ? 3
—t 3 22 p— b} 22
Yoo —_ 2 — Yoo ::‘ . 2t [:
R —3 20 b— — s 20—
whe A% ! . AN !
TY — . — 53 . .=
-— + - :J Y 18—
! - VP — -_— iy }—
voo VoW, ., 16— Yoo OUTPUT ' 16—
v ' ) - 9 r—
i e W o——w ,
= ch i o
oeaer Cosos?
v ey 2T3e0m s M Inem cononr LSRR AV
Fig. 11~ Tuen-0a and turn-off propagation delay ~address select input 10 signel oulput Fip. 12— Turn-on and turn-off propagation delay -
{0.9. Messured on channei 0) inMdIt input 10 Signal vutput (e.¢° Measured
on channei 1), .
1
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- CD4067B, CD4097B Types

ELECTRICAL CHARACTERISTICS (Cont'd)

I LIMITS at Indicated Temperature (°C)
| CHARAC. CONDITIONS values at -55, +25, »125 Apply 1o D, F, K. M. pkp Unit
{ TERISTIC il Values at —40,+25,+85,apply to E pkg nits
] Vis Vss r\/oo 851 —40] +85 | +125 +25 |
| v} (\2} v} Min. | Typ. Max.
Input 1 5| !
Current, | Vi =0,18V 18 (201200 21 | 21 [ — 21079 200 uA
‘ N Max. i
[Propagation (g .10 K1) C, - ! ‘
et L H.EL
Detay Time:
Aadress or 50 pF, 1,.1-20 s l
Inhibit-ta- o] 5 - - 325 660
Signal OUT ~ _ ~ N N
(Channe! 0 10 135 270 ns
I urning ON) 0 15 — - - - 95 190
| Aduress o |RL+300 41, + !
I inhib to 50 pF.1,.14:20 ns i
’ Signal QUT f ) 5 - |- - - - | 220 | 440
h | I
“ :S.:.:r;e L0 10 |- (-~ -1 T 90 1180} ns
. I -
I oFF o T TS T o
! ] ! i L
! 1
{ lnput [ . : | |
i Capaci- | Any Address or [ - - - -~ 5 15 pF
| tance, Cy | Inhibit tnput ‘ L ‘ ‘
L | |

MAXIMUM RATINGS, Absolute-Maximum Values:
DC SUPPLY-VOLTAGE RANGE, (Vgp)

tVoltages referenced 10 Vg Terminai) . ~0.6to+20V
INPUT VOLTAGE RANGE, ALL INPUTS . —0.510 Vpp +0.6 V
OC INPUT CURRENT, ANY ONE INPUT . P 10 mA

POWER DISSIPATION PER PACKAGE (Pp):
For Tp = ~4010 «60°C (PACKAGETYYPEE) , , . . . . . . . . . . . . 500mw
Derate Lineariv 81 12 mW/9C to 200 mW

For TA = +60 10 +85°C (PACKAGE TYPE E) |
Far TA = -5510 *100*C {PACKAGE TYPES D, F, K)

For T, = +10010 +125°C (PACKAGE TYPES O.F, K) . . . . Derate Linearly at 12 mw/*C 1o 200 mW
DEVICE DISSIPATION PER QUTPUT TRANSISTOR

FOR T4 = FULL PACKAGE-TEMPERATURE RANGE (All'Package Types) . . . . . 100 mW
OPERATING.-TEMPERATURE AANGE (Ta):

PACKAGE TYPES D, FL K, H . o o o o v vt vt v e e o e e s e -55t0 +125°C

PACKAGETYPEE . . . . v v i vt i ettt e et -4010 +85°C
STORAGE TEMPERATUAE RANGE ITgg) . . . . . . . . . . ,———.  -6510+150°C
LEAD TEMPERATURE (DURING SOLDERING):

Atcistance 1/168 £ 1/321nch (1.59 £ Q.79 mm} fromcase for 10s max, . . . . . . . +265°C

Yoo

Yooin

T e m e e —

!
|
i
(R o \9._ 6
MCH-ENITRL
Fig. B—Input voltage—maeasure <2 uA on alt OFF chennels
{0 g.channel 12}

TESTCIRCUITS
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p——ni ¢ "
p—] 7 "
'.oo — 8 'y
- [} "
vis 0 "
H 1) -
[k} 'y q i
chaos? - k

(SR LR

Yoo

™

o
vs§

;
!
y ]
. <
3 <
.
r
1
.
»
PR B (]
" In ! R

LTTSWARITY

Fig 9—OF F channel ieaxage current-ail channeis OFF

49

o
|

233

L
g
L ) o SNSRI I\




ol

CD4067B, CD4097B Types

ELECTRICAL CHARACTERISTICS a UPRLY VO TAAC ‘Voo Vet 91 ] [
. : » A B
" ] LIMITS at Indicated Temperature (°C) .5 An.(-#v TEMPEAATLAL r:.:
- CHARAC. CONDITIONS Vatues at -55, 425, +125 Apply to D, F., K, H pkg Units| | €00 ’3\'"" e
1 TERISTIC ¢« Values at —40,+25,+85 apply to E pkg ‘ g o
!
v v Vpp | =55 | —40 | +85 | +125 25 L
! | Va SS ’ DD | \ I * %o
1 L V) Vv | Min. | Typ. |Max. H
SIGNAL INPUTS [V;,} AND OUTPUTS (V! o | ¢
MQuiescent | T 5 | 5 1 5 750 | 150 ] - J0o0a] 5 3
Device Cur- ! 0 1 10 [ 10 Taco (3001 - [e0a [ 10 | ua b
| fent. lop ! 15 | 20 | 20 ' 600 | 600 | - | 004 | 20 T
e ! 20 | 100 [ 100 [3000 [ 3vce| - Tooa [h00 (MPUT BONAL VOLTAGE Wikl Y rarane
[ON-1tate Ae T
I sistance ) Fig. 3~Typxai ON resistance vi. input signat
‘\ Vgs& 0 5 | 800 | 850 [ 12001300 ] - ! 470 {1050 voitage (ail types).
. YsSYoo 0| 10 ] 310 | 330 | 520 | E50-] = | 180 1400 | &
; C;\On ax 0 ¥ 5 17200 1 210 | 300 1 320 - 17125 | 240 TR T e
Bt ange .n soott e Al
- I on-statg | L !
H i Resistance | E_,_ ;
{Between it
| .
} Any Two ! 0 1 5 ! - - - - - 5 - g:oo, AN J
I Channels) 0 ™0 _ _ U — 10 ~ 0 2 3
brgn 0 15 l 5 5
' = ~ - = ~ - .S
.OFF Chan- o
| nel Leak- )
| age Cur- i
! rent. Any 2 n‘ 5 ‘u-:-o‘
| 8!;&;\!;:! I ot BonaL vOu1 808 W) — ¥
\‘ o | Max. o 18 £100° | $1000° - | 100 1£100*| nA s e
All Chan- Fig. 4=Typ:ical ON resistance vi. nput ugnel
’ neis OFF volitage (a!l types).
' {Common
OuUT/IN)
L Max SUPPLY YOLTAGE (Vg - Vegl®18 vV 1333333
~ 4 i
/ } (Ccodc.lance: I T.m 133353524 7‘7r HijiHedi H';Lrl:kg 1:
| Input, Cyg - -y - (- 1~-1]15]- 3 (i ‘“”:H%Hii’“
1— Sl le.lx...mim
i gulput, - HiE s
| “os z 00 i
| CD4067 5 i 5 - - - - _ 55 - ; ; |
\ CDa097 | ~ | = 1 - 1 - |- 13 e ¥
‘I Feed . 13
| through, i - -0 - - {- lo2 3
| ‘ f
108 i
Propaga . Q.0 e
1 tion Delay v RL 200 K2 5 i = = - - 30 60 . : nwv m:ug 3:0\.:::( V=¥ 9
Time (Sig- DO | ¢ =50 oF 10 = = - - - 15 30 ns s g
g | L
{ :‘:IOI:?:J! l’n t.14=20 s 15 - - - - - 10 20 Fig. 5= Typical ON resistance vs. input signal
vol/tage (all types).
[ CONTROL (ADORESS or INHIBIT) V.
Input Low Restwer T s | 15 -1~ 115 o
Voltage, Voo to \gss Mo | 3 _ — 3 a AMBENT TEMPLRATURE (TL118%C 1 4
. V|L Max. | ||S< A T [ sl 4
ihi‘ "": on alt OFF s | 4 (. — 4 v '3 q
i 4
i ln\;)(;i't(:;egh K Channels 5 3.5 ! 3.5 - — - 2001= ]
i ! X
I ViH Min. I 19 ? 'L7 - = :?“‘" 4
MMs 1 1| - 7 = | £ oo
. i )
Determingd by minimum (essible teak age messuremant 10r automatic 1esling 2 .
|z
¥ 3
Sl I .
— Ty
INPUT $i0RAL VOLTAGE 1Y, ) =~ ¥
L ST EEY )
Fig. 6~ Typxal ON resistance va. mpufﬁgnu
voitage (ail types) -
®
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CMOS Analog

T

CD4067B, CD4097B Types

Multiplexers/Demultiplexers

High-Vottage Types (20-Volt Rating)

CD40678B — Single 16-Channel
Multiplexer/Demultiplexer

€D40978 — Ditferentia! 8-Channel
Multiplexer/Demultiplexer

Tne RCA-CD40678 and CD40978 CMOS
analog multiplexers/demuitipiexers” are digi-
taily controlled analog switches having low
ON impedance, low OFF leakage current, and
internal address decoding. In addition, the
ON resistance s relatively constant over the
full input-signal range.

The CD40678 is a 16-channel multiplexer
with four binary controlinputs, A,B8,C,0, and
an inhibit 1nput, arranged 50 that any com-
hination of the inputs selects one switch.,
The CD40978 is a ditferential B-channel muls-
piexer having three binary contro! inputs A,
8. C, and an inhibit input. The inputs permit
selection of one of eight pairs of switches.
A logic "1"£remnt at the inhibit input turns
all channels off.

The CD4067 and CD4097 are supplied in24-
\ead dual-in-itne welded-seal ceramic pack-
ages (D sutfix), 24-lead dual-in-line rit-seal
ceramic packages (F sulfix), 24-lead dual-
in-line plastic packages (E suffix), 24-lead
caramic flat packages (K suftix), and inchip
form {H sutfix).

Features:

o Low ON resistance: 125 2 (typ.) over 15
Vp.p signal-input range for Vpp—-Vsg=15 V

High OFF resistance: channel leakage of
+10 pA (typ.) @ Vpp~-Vss=10 V
Matched switch characteristics: RQN=5S £ {typ.)
for Vpp-Vss=15V
® Very low quiescent power dissipation under
all digital-control input and supply conditions:
0.2 uW ltyp.) @ Vpp~Ves=10 V
Binary address Jdecoding on chip
5-V, 10-V, and 15.V parametric ratings
100% tested for quiescent current at 20 V
Standardized symmetrical output
. characteristics
® Maximum input current of 1 uAat 18 V

over full package temperature range;

100 nA at 18 V and 25°C
& Meets all requirements of JEDEC Tentative
Standard No. 13A, "’Standard Specifications
for Description of ‘B’ Series CMOS Devices”

Applications:

® Analog and digital muitiplexing snd demultiplexing
® A/D and D/A conversion
w Signal gating
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TOP VIEW

CO40878
TEAMINAL ASSIGHMENT

ICY sanry

‘When thews devices are used &1 dlmu“lD‘O'"la 7 -
the channgt in/out terminals are the outpuls an k
the comman out/in terminals are the nputs. °O""¢)’ | E | OF 8 DECODERS l
T
~ . O"]_‘)’T__"— fo-—o"’ t l
e | 1]
R . - wout | N ' r o, T
scommaended Operating Conditions at | | ~ Touba
[} i i It ot x I I
Ta = 25°C {Unless Otherwise Specified) Voo 24 vas it s renrent O i \\
For maxmum rehiability, nominal operating Fig | — CD4067 funcrions! diagram. 2.l { | j/._l
conditions should be selected 50 that opera- o - )
tion is always within the following ranges. | l l
Values shown apply to all Iypes except as ' —/.\ —
noted v 1 ~ ’ Lout/m
Characteristic Min. [{Max. | Units WUt l ~L !
v (o)
Supply-Voltage Range Voo + 74
(TA!FuII Package: 3 18 v CD4087 TRUTM TABLE vsg it sce-gava0nL
Temp, Range) I I Seiscied
MMuttiplexer Switch Input| 1 9e | A ALS ' €10 | | Chemed Fig. 2-CO4097 tunctional diagram.
| Current Capability x [ x Tx T [ l None
[Output Load Resistance 1100 1 ~ | 9 00 ie e o ! ¢
. | |
NOTE 0 l VL 0 |0 0 ?
In certain apphcaticns, the exiernsl 10201888101 Y 1y 6 o s | CO4097 TRAUTH TYABLE
curcent rmay include both Vpp and tignal-iine 00 \ 0 o | « Selected
camponents. Ta avoid drawing Vp cufrent when R V1o Lo “ 5 A 8 c [y Channel
switch current flows n1o the bransmission gate 10 by v lo o 6 y
inputs, tha voltage drop across Lhe biduectional T 4 1 — i | x x| X 1 tone
switch mutt not exceed 089 volt (calculated from 1 ! N rlo 10 ! 4 0 0 [} [} ox, oY
RN velues shown 1n ELECTRICAL CHARAC: 0,0 o |1 b o ‘ 8 1 1o |o [ X, 1y
TERISTICS CHART). No Vpp current will tiow !0 | o | ! 1 0 | ° fi) l 1 0 0 2%, 2Y
through R ol the switch current tows nio ¢ .t 0 Q ; 10 4
termnal 1 on the CNE06Y, termunats 1 and 17 an U ot c 9 " : ! I ' 0 o 3x, 3¥
ine CO4VRT. o o '+ 11 o 1 12 o lo {1 [\ ax, 4y
[ 0 \ 0 1) 1 [+] 1 0 SX,5Y
0 oot ! ] 0 " | 0 1 , 1 0 6X, 6Y
l 1 [} [l l VL0 : 15 | 1 1 | \ l 0 l %, 7Y
231
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LVi124/LIV1224/LM 324, LM124A]
LM224A/LM324A, LM29302

Typical Performance Characteristics (Lm2902 only)

taput Current
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V' - SUPPLY VOLTAGE Woc)

Application Hints

The LM124 series are op amps which operate with only
a single power supply voltage, have true-differential
inputs, and remain in the linear mode with an input
common-mode voltage of 0 Vpg. These amplifiers
operate over a wide range of power supply voltage with
lirtle change in performance characteristics. At 25°C
amplifier operation is possible down to a minimum
supply voltage of 2.3 Vpe.

The pinouts of the package have been designed to
simplify PC board layouts. Inverting inputs are adjacent
to outputs for alt of the amplifiers and the cutputs have
alsc been placed at the carners of the package lpins 1,
7, 8, and 14}, :

Precautions should be taken to insure that the power
supply fcr the integrated circuit never becomes reversed
in polarity or that the unit is not inadvertently installed
backwards in a test socket as an unlimited current surge
through the resulting forward diode within the IC could
cause fusing of the internal conductors and resuit in a
destrayed unit.

Large differentia! input voitages can be easily accom-
modated and, as input differential voltage protection
diodes are not needed, no large input currents result
from large differential input voltages. The ditferential
input voitage may be larger than V' without damaging
the device. Protection should be provided to prevent the
input voltages fram going negative more than ~0.3 Ve
{at 25°C). An input clamp drode with a resistor to the
1C input terminal can be used.

To reduce the power supply current drain, the amplitiers
have a class A output stage far small signal levels which
converts to class B in a large signat mode. This allows the
amplif.ers to both source and sink large output currents,
Therefore both NPN and PNP external curient boost
transistors can te used to extend the power capability of
the basic amplitiers. The output voltage needs to raise
approximately 1 dode drop above ground to bias the
on-chipvertical PNP transistor for output current sinking
applications.

For ac applications, where the load is cépaci(ively
coupled to the output of the amphifier, & resistor should

Voltage Gain
" l l
: 3 AL 20K
;_; mnm ot
-] RLe2060 —
A
]
L »>
)
} “
[] 18 ] b

V'~ BUPPLY VOLTAGE (Vpc)

be used, from the output of the amplifier to ground to
increase the class A bias current and prevent crossover
distortion. Where the load is directly coupled, as in dc
applications, there is no crossover distortion,

Capacitive loads which are applied directly to the output
of the amplifier reduce the loop stability margin. Values
of 50 pF can be accommodated using the worst-case non-
inverting unity gain connectian, Large closed loop gains
or resistive isolation should be used if larger load
capacitance must be driven by the amplifier.

The bias network of the LM124 establishcs a drain
current which is independent of the magnitude of the
power supply voltage over the range of from 3 Ve to
30 Vpe.

Output short circuits either to ground or to the positive
power supply should be of short time duration. Units

. can be destroyed, not as a resuit of the short circuit

current causing metal fusing, but rather due to the large
increase in IC chip dissipation which will cause eventual
faure due to excessive junction temperatures. Putting
direct short-circuits on more than one amplifier at a time
will increase the total |C power dissipation to destructive
levels, if not properly protected with external dissipation
limiting resistors in series with the output leads of the
amplifiers, The larger value of output source current
which is available at 25°C provides a larger output cur:
rent capability at elevated temperatures {see typical
performance characteristics) than a standard IC op amp.

The circuits presented in the section on typical applica-
tions emphasize aperation on only a single power supply
voltage, |t complementary power supplies are avaslable,
all of the standard op amp circuits can be used. In
general, introducing a pseudo-ground {a bias voltage
reference of V*/2) will ailow operation above and below
this value in single power supply systems. Many apptica-
tion circuits are shown which take advantage of the wide
input common-mode voitage range which includes
ground. In most cases, input biasing 15 not required and
input voltages which range to ground can easily be
dccommodated.
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77 National Operational Amplifiers/Buffers
.24 Semiconductor

LM124/LM224/LM324, LM124AJLM224A/LM324A, LM2902
Low Power Quad Operational Amplifiers

General Description Advantages

The LM124 series consists of four independent, high ® Eliminates need for dual supplies
gain, internally frequency compensated operational am-
phfiers which were designed specitically 1o operate from

8 Four internally compensated op amps in a single

ackage
a single power supply over a wide range of voltages. P E . . .
Operation from split power supplies is alsa passible and ® Allows directly sensing near GND and Vgpyy also
the low power supply current drain is independent of the goes to GND '

magnitude of the power supply voltage. 8 Compatible with all forms of logic

® Power drain suitable for battery operation

Application areas include transducer amplifiers, dc gain
blocks and all the conventional op amp circuits which Features
now can be more €asily tmplemented in single power
supply systems. For example, the LM124 series can be

LVI124/LVi224/L M324, LM124A/
LM224A]Lvi324A, LVi2€02

® [nternally frequency compensated tor unity gain

! directly operated off of ihe stancard +5 Vge power ® Large dc voltage gain 100 a8
i supply voltage which is used in digital systems and will & Wide bandwidth {unity gain) 1 MH;
! easily provide the required interface electronics without {temperature compensated)
f requiring the additional 215 Ve power supplies. ® Wide power supply range:
Single supply 3 Vpc 1030 Ve
or dual supplies 11.5 Vpc to £15 Vo
. . & Very low supply current drain {JO0uA) - essentially
Umque Characteristics independant of supply voltags (1 mW/op amp at
'} ’ ® In the linear mode the input common-mode valtage *5Vocl L
range inciudes ground and the output voltage can also ® Low inpu. biasing current 45 nAgc
| swing to ground, even though operated from only a (temperature compensated)
single power supply voltage. u {ow input offset voltage 2mVge
and offset current 5nApc
® The unity gain cross frequency is temperature ® Input common-mode voitage range inciudes ground
compensated. a Qufferential input voltage range equal to the power
supply voltage
® The input bias current is also  temperature ®  Large output voltage O0VgetoV' ~1.5Vpe
compensated. swing
Connection Diagram Schematic Diagram (gach Amglitien)
Ousl-In-Line Package v '

SUTPUT L 1NPUT A INPyT 4" (114 LIRS BT VLN A T { T Y

4 3} 1 " [ 1) ]
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| Order Number LM124J, LM124AJ,
‘ LM224J, LM224AJ, LM324J,

| LM324A4 or LM2902J
?
|
l

See NS Package J14A
Order Number LM324N, LM324AN

or LM2902N
See NS Package N14A
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PHASE LOCKED LOOP NE/SES64

ey

PHASE COMPARATOR (PINS 4 AND 5) AND FSK (PIN 16) OUTPUTS FOR DATA RATES OF

wo-wr 200mv 0.8 ’ 100my 100my 2.3
A

L] T
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t

(8) 20K BAUD (b) 500K BAUD

toomy 100my 2008
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Top (race-pin 4
Center irace-pin 8
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i

‘ NOTE v
‘ Bottom irace-pin 18 (c) 2.0M BAUD
i Figure 8
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ANALOG DIVISION

JUNE 1983

PHASE LOCKED LOOP

NE/SES64

The toop filter disgram shown I8 explained
by the tollowing equation:

1

F(s) = m—; Equation §

R=Rya=Ry3= 1.3kl (INTERNAL)
By adding capacitors 10 pins ‘4 and S, two
poles are added 10 the loop transier function

1
alw= —

RCj.

APPLICATIONS

FM DEMODULATOR

The NE564 can be used a8 an FM
demodulator The conneclions for operation
a! 5V and 12V are shown in figures 2 and 3
respectively. The input signal 18 ac coupled
with the output signal being extralted at pin
14 Loop fiitering +8 provided by the capaci-
tors at pins 4 and 5 with additional filtering
being provided by the capacitor at pin 14,
Since the conversion gain ot the VCO is not
very high, to obtain sulficient demodulated
outpu! aignal the frequency deviation in the
inpul signel should be 1% or higher.

MODULATION TECHNIQUES

The NES64 phase locked loop can be modu-
lated at either the loop filter ports (pins 4
and 5) or the input port (pin 6) as shown in
figure 4. The approximate moduiation fre-
quency can be determined from the frequen-
cy conversion gain curve shown in ligure 5.
This curve wiil be uppropriaie lor signals
injected into pine 4 and 5 as shown in
figure 4.

FSK Demodulation

The 564 PLL is particularly atiractive lor
FSK demodulation since it conlaing an inter-
nal voltage comparator and VCO which have
TTL compatible inputs and outputs, and it
can operale lrom a single 5 voit power sup-
ply. Demodulated dc voltages associated
with the mark and space {requencies are
recovered with a singie external capacitor in
a dc retriever wilhout ulilizing extensive fil-
tering networks. An internal comparator,
acting as a8 Schmitt trigger with an adjust-
able hysteresis, shapes the demodulsted
voltages into compatible TTL oulput leveis.
The high trequency design of the 564 en-
ables it 10 demodulate FSK al high data
rates In excess of 1.0M baud.

Figure 5 shows a high-trequency FSK de-
coder designed tor input trequency devi-
alions of * 1.0MHz centered around a iree-
running frequency ol 10.8MHz. The value of
the timing capacitance required was ‘esti-
mated from figure 8 to be approximately
40pF. A trimmer capacitor was added 10 fine
tune 1o’ to 10.8MHz.

The lack range gQraph indicates that the
+ 1.0MHz trequency deviations will be within
the lock range for input signai jeveis greater
than approximately 50mV with zero pin 2 bias
current. While strictly this tigure is appro-
priate only for SMHz, It can be used as &
guide for lock range estimates at other fo’
frequencies.

The hysterasis was adjusted experimentalty
via the 10k} potentiometer and 2k{l bias sr-
rangement to give the waveshape shown in
figure 7 for 20K, 500K, 2M baud rates with
square wave F SK modulation. Note the mag-
nitude and phase relationships of the phase
comparators outpul voltages with respect to
each other and to the FSK output. The high
frequency sum components of the input and
VCO frequency also are visiDia ga noise on
the phase comparators ovtputs.

10.8MMz FSK DECODER USING THE 564

VWV

BEIESE

wraTLA e
A

Figure §
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PHASE LOCKED LOOP

ic/SES64

temperature coetticianl due to the posttive
temperature coethcient of the monolithic re-
sistor. To compensale lor thig, a current ig
with negative temperature coefficient 13 in-
Iroduced to achieve a low frequency dnift
with temperature

Phase Comparator Section

The phase comparator consisis of a double
balanced modulator with a imiter ampliher
to improve AM rejection Schottky clamped
vertical PNPs are used to oblain TTL level
inpyts. The loop gain can be varied by
changing the current in Q4 and Qg which

eflectivety changes the gain of the dilleren-
tial amplihers This can be accomplished by
ntroducing a current al pin 2 '

Post Detection Processar

Section

The post deteclion procassor conssis of a
umily Qain transconductance amphlier and
comparator The amphhier can be used as a
dc retniever tor demodulalion ol FSK sig-
nals. and as a post detechion hiter (or hneat
FM demoduiation The comparator has ad-
justable hystaresls so that phase [itter in the
outpul signal can be eliminated.

As shown in ths equivalent schemalic. the
dc retriever 18 formed by the transductance
ampiifier Qq2-Q43 together with an exter-
nal capacitor which is connected at the am-
plhitiar output (pin 14) This lorms an integra-
tor whose outpul voltage 8 shown in the
following equation:

Vo= Vindt Equation 3
9m = transconduciance of the ampliher

C = capacnor althe oulput {pin 14)

Vin = signat voitage st amplifier input

With proper selection of C3, the integralor
time constant can be varied 80 that the out-
put voltage is the dc or average value of the

- . .
| input signal for yse in FSK, or as a pos!
| FM DEMODULATOR AT SV ‘ detection lilter in linear demodulation.
! ‘ The comparator with hysteresis Is made up
“- LOCK RANQE ADJUSTMENT i of Qqg—Qsp with positive feedback being
' cotup provided by Q,;-Q4. The hysteresis is
varied by changing the current in Qg with &
| T = Loor et resulting variation in the loop gain of the
: ot oAt e 9 0tur comparator. This method of hysteresis con-
INPU . N
fo s My o] e . __‘(_”'37.. . Irol, which is & dc control, provides symmet-
fem e tars " ANALOQ OUT ric variation around the nominal value.
SIAS PILTER ? " 18 ——0 H
= onr | 14 _.Q T
‘ ) ““'}l POST DETECTION FiLTER Design Formula
: ! " The iree running Ifrequency of the VCO is
t L ‘f oo I shown by the following aquation; —_——
I J'} ] ILT f 1 4
L o - SN [l re -y 4
PREGUINCY 8RT CAP 25 Rg (Cy +Cg) Equation 11
L b3 ——=
- S RAe = 10081
1 Cy = exlernal cap in larads
v v Cg = siray capacitance
i Figure 2
,r FM DEMODULATOR AT 12V ’ MODULATOR - 1
| |
1) LOCK RANGE ADJUSTMENT ' ‘ ll' 8vp st rrtautcy
‘ 001 '
: ']_ LOOP FiLTER : ’ m
) T T — b MODULATING .
| | < 00tlr INBGT T = Yox
NPT s [+t F__L Lo e X [
: . ] - ‘ g Omef .
. ALY
i ? "— anatcgour | i P 3o
: v e A ] 14}—o
| ey ; L
»——7 = - T—J 3}
‘1” POBT DETECTION PHLTEA ! | ' oK) T
“apr " N wet
= J S—
o - BMMe =

FREQUENCY §RT CAP

-
<

= e SMHT

113
FREQUENCY SET CAP

" - v i uoouurv‘ltoouuuv
: Figure 3 _J ‘L Figure 4
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PHASE LOCKED LOOP

NE/SES64

FUNCTIONAL DESCRIPTION
(tigure 1)

The NESB4 is a monolithic phase locked
loop with a post delection processor. The
use of Schottky clampad tranaistors and op-
timized device gaometries extends the lre-
quency of operation to greater than S50MHz.
In addilion to the ciassical PLL applications,
the NES64 can be used as 8 modulator with
a controllable trequency deviation.

The output voitage of the PLL can be written
a8 shown in the {ollowing equation:

iy = 1)
Vo = ——2 Equation 1
Kvco
KyCo * conversiongsin ol the VCO
in = lraquency of the input argnal
o = Ires tunning frequency of the VCO

The process of recovering FSK signals in-
voives the convarsion of the PLL outpul into
logic compatible signals. For high data
rates, 8 considerable amount of carrier witl
be presant at the output of the ~LL due to
the wideband nature of the loop filter. To

EQUIVALENT SCHEMATIC

avoid the use of complicated filters, a com:
parator with hysteresis or Schmilt trigger I8
requirad. With the conversion gain ol the
VCO lixed, the oulpul voltage as given by
Equation 1 varies according to the frequen-
cy deviation of f,, from o, Since this difters
from system to system, it is necessary thet
the hysleresis of the Schmitt lrigger be ca-
pable of being changod, $o that « can be
optimized for @ particuiar syslem. This is
accomplished in the 564 by varying the volt-
age at pin 15 which results 1n 8 change of
the hysteresis of the Schmitt trigger.

For FSK signals, an imporiant tacior to be
considered 18 the dnft in the free running
frequency of the VCO itself. It this changes
due to lemperalure, according to Equation 1
it willlead 10 8 change 1n the dc levels of the
PLL outpul, and conscquently to errors in
the dignal oulpul signal. This is especially
true for narrow band signals where the devi-
ation in f,4 itself may be less than the
change in 15 due 10 lemperature. This eflect

can be eliminated if the dc or average value
of the signal is retnieved and used as the
reterence to the comparator. In this manner,
varialions in the dc tevels of the PLL output
do not affect the FSK autput.

VCO Section
Due 1o its inherent nigh frequency perform.
ance, an emitter coupled oscillatoris used in
the VCO. in the circuit, shown in the equi-
valen! schematc, transisiors Q21 8nd Qo3
with current sources Q5—Q2g form the ba.
sic oscillator. The iree running lrequency ol
the oscilator i1s shown inthe (oliowing equa-
tion:
1

fo &

25 R (Cy + Cg)

Ae = Ryp = Ryg = 1001 (INTERNAL)
C = external lrequehcy setling capacitor
Ce = stray capacitance

Equation 2

Varnation of V4 {phase detector outpul volt-
age) changes Ihe frequency of the oscille-
tor. As indicated by Equation 2. the Irequen-
Cy of the oscillatar has a negative

mm—mm e ——————
oc sevaiven || T SCHMITT TRIOGEN
in
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CD40208, CD4024B, CD40408 Types

- . v,
CMOS Ripple-Carry Features. i
. - u Medium-speed operation L)
Binary Counter/Dividers « runy suric operation . oy
. . s Buffered inputs and outputs e —;—o‘ 5
High-Voltage Types (20-Volt Rating) = 100% tested for quiescent current at 20 V %1
® Standardized, symmetrical output characteristics a4
£D40208 — 14 Stage ndardized, syms cal output characteristic Foor| s
u Fully static operation it Ty Ls
C040248 — 7 Stage ® Common reset . countin IZL{ 5
CDA4040B — 12 Stage w5V, 10-V, and 15V parame(nc ratings Fan | o
——Qi2
RCA-CD40208, CD4024B, and CD4040B & Maximum input current of 1 uA at 18 V . _%_N ‘i
are ripple-carry binary counters. All counter aver full p““““"“"“’t’“““ fange; nesit] o
stages are master-siave flip-Hops. The state 100 nA a1 18 Vand 25°C .
of & counter advdnces one count an the ® Noise margin {aver full package-tempera- e s ey
negative transition aof each input pulse; a high ture rangal: 1Vatvpp=5V CD40208
tevel on the RESET line resets the caunter to 2VatVpp=10V FUNCTIONAL DIAGRAM
its al) zeros state. Schmitt trigger action on 25VatVpp =15V
the inpu® pulse line permits unlimited rise ® Megts all tequirements of JEDEC Tentative
! and fall times. All inputs and outpuls Standard No. 13A, “‘Standard Specifications
; are buffered. for Description of ‘B’ Series CMOS Devices”
404 . . v
The 'CD40208 and CD40 QB tvpgs are Applications: o0
supplied in 16-lead hermetic dual-in-line u Control . »
ceramic packages (D and F suffixes), 16-lead ontrof counters Frequency dividers 0
) ® Timers ® Time-delay circuits a
dual-in-lino plastic packages (& sulfix), 16- f ot 1 " b4
lead ceramic tlat packages (K suffix), and in PULSES 02,4
chip form (M suttix). LI ,,’a
P
The CD4024B types are supplled in 14-lead REVCT Juemt —t gl ¥
hermetic dual-in-line ceramic packages (0 3 “¢§
and F sultixes), 14-lvad duat-in-line plastic . N
packages (E suffix), 14-lead ceramic flat ) ae
packages (K sullix), and in chip form (H — 9
sutfix). l_r'
NCs9,/0,i3
v
) MAXIMUM RATINGS, Absolute-Mesimum Values: : B
PY DC SUPPLY-VOLTAGE RANGE, (Vpp! C&40248 pErs-s0mns
{Voltages refsrenced 1o Vgg Ternminal) e e e e e e e e -0.610 420V FUNCTIONAL DIAGRAM
INPUT VOLTAGE RANGE, ALLINPUTS . . . ., . . . . . , . . , -05taVvVpp+ObsV
DC INPUT CURRENT, ANY ONE INPUT e e . 10mA
POWER DISSIPATION PER PACKAGE (Pp):
For Tp = —40 10 +60°C (PACKAGE TYPEE) . . . . . . 500 mw
For Ta = +60 10 +B5%C (PACKAGE TYPEE) . . . . . Derate Llnurlv w2 mwl°c 1o 200 mvy . ~
For Ta = -5510 +100°C (PACKAGE TYPES D, F, X) R 500 mwW
For To » 10010 +125°C {PACKAGE TYPES D, F. K} . . . Ocuu Lmnvlv n |2 mWI°C to 200 mw o
DEVICE DISSIPATION PER OUTPUT TRANSISTOR
FOR Ta = FULLPACKAGE-TEMPERATURE RANGE (All Package Types} . . . . 100 mW
OPERATING - TEMPERATURE RANGE (TA)
PACKAGE TYPES O, F, K, H . S v o o .. ... -Bbta+126°%C
PACKAGE TYPEE , P —40 t0 +85°C ¢
STORAGE TEMPERATURE RANGE (Tyg) . . . . . . . . . . . . . —6510+1509% 2
LEAD TEMPERATURE IDURING SOLDERING): 3
Atdutance 1/16 £1/32.nch (159 2079 mm) romcase for 10s max, ., . . . ., . . +265°C -
3
TERMINAL ASSIGNMENTS :
CD46208 £D40248 €D4a040B Vg MEh-2s08ear
CD40408
¢ v,
aaer — 2 n%o FUNCTIONAL DIAGRAM
Q7= 3 12 Qi
PLY + 1] Q2
“3— 3 O fme NC
Ga—ig 9 -
Ves—{ 7 8 = NC
TO0P viEWw
[YIERTEYYL] HCv NO CONMECTION ToP vitw

cy - reasan

WS- POTeTRY
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- RECOMMENDED OPERATING CONDITIONS at T = 25°C, Unless Otherwise Specified
For maximum reliability, nominal operating conditions should be selected so that operation

s always within the following ranges:

CD4020B, CD4024B, CD4040B Types

[ CHARACTERISTIC Vpp | Min. | Max. | UNITS
! Supply Voltage Range (at T 5 = Full Package:
| Temperature Range) 3 18 v .
5 - 35"
Input-Pulse Frequency, fo { 10 - 8 MHz Son PR BTa0E Ouy o
! ! L 12 Fig. 4 — Detail of typical flip-110p stega.
| I s [0 | -
| Input-Pulse Width, tw 10 60 - ns
{ : 15 | a0 | -
MG NT TEMPERATURE (Tate 28T i
5 1 seigtesis! 5 1411 §L 1
! Input-Pulse Rise or Fall Time, e tp 10 | Unlimited Hs 1o EIRRasepascsatses
15 | St TN TP fassts pses
5 200 “"5;. ;
" Roset Pulse Width, tw 0 ' 80 | - ns $ i :
' - 15_| 60 i :
5 |3s0 | - y R
Reset Removal Time, TREM 10 | 150 - ns 3° St
15 | 100 - 5 g5 ,
ssiitadisiitis
! iy i

h 51.—-‘11 . ‘6.!
‘ FFy-Fri3 ‘

&

L4
——(>°SD,_.{>°_\;.

£

IIFUVS
PAOTECTED BY

B COS/MOS PROTECTION

‘ [ ] A NETwORK @ G4 o
[ S
v.. 23 190402
Fig. 1 — Logic disgram for CD40208.
pomma=an
[ o
At

*inpute
PROTECTED BY
COS/MQS PROTECTION
NETwORK

A1}

(YRR ]

Fig. 2 ~ Lopic disgram for CD40248.

] 1

91 Q{82 Qzr——i0y ant
. ! cre L e : !
:. L] 6\-—-«[1 B2 ls

e

7Y

Yis ECH-TeOsIAL

“ 44 B J0)

3
INPUTS
PROTECTLD BY
COS/M0S PROTECTION

I NETWONN

Fig. 3 ~ Logic dragram for CD40408,

v e

aur—dr 5»1
Ex

s 3 s
ORAM-TO-SOURCE YOLTASY (vpgl—~V <e-semens

Fig. 8 — Typical output low (siak) current
charscteristics.
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jioat M
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)
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LI R 2 0

Fig. 6 ~ Minimum output low (sink} current
characteristics.
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Fig. 7 = Typecal output high {source) current
charscteristics.
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CD4020B, CD4024B, CD4040B Types
. STATIC ELECTRICAL CHARACTERISTICS prum:I-SOACE vTuat tvoni- o
[ LIMITS AT INDICATED TEMPERATURES (°C) bt n‘,‘f,‘,’.‘,’,’.‘,',;:‘,'..'.’ff,f”””.‘:].! i
| § i CONDITIONS Values al ~55, «25, +125 Apply 10 D, F, X, H Packages 5 o :l“"t"v‘"qv 3 £ "A
4 CHARACTER. | Values at —40, +25, +85 Apply to E Package UNITS 331 I H BN Y
» 1sTIC s i Bl
- (V)| V) 1 (V) —65 T 0 [ +85 [ +125 ] Min. Typ. | Max. "i"‘ the : g‘
[ Quiescant Device | - 1051 5 1 5 | 5 | 150 | 1501 - | oo4 | 5 Hi: :|
| Current, - Toao] 0] 10 [ 10 ]300 [ 300 = | 603 ] 10! A i H
oo Max PTG T T 20 1720 T600 7600 - T o004 | 20 3 o}
’ [ - To20020 (100 100 3000 3000 | - | 008 | 100 i 5
{Outputlow | 04 1051 5 1064 {061 | 042 1 03610561 | 1 1 - i £l
I otswmdCurent [ 05 Toao| 101 1a | 15 T 11 1 09 |13 1 26 - i §
oL Min. T T T ! 1 T | D vy e
i 15 0151 15 ) 42 | a 28 | 24 | 34 | 68 ;
—= ig. 8 — Mimmum output high (source) current
‘rOu(Du!H'Q" ]746 1 05 5 !‘064!"0-5‘T"0 42 _0-36T‘05ﬂ ~1 = mA characteristics.
{Source) {25 [ 050 5 1 22 1218 | <13 [-115]-16 | 32 -
Current, ! - T ~ = - —
1 - 1 i1 09 13 26
L om Min 95 (010! vo! 16 51 1
, 357015, 15 -42] ~a [-28[-247-34]-681 -
"OutputVoltage: | - | 05! 5 | 005 r- 0 |oo0s !
‘ [ Sbewel 2 Toa0] 10 | 005 T o Joos 3
| OL e s e T 005 - 0_[o0s] )g
"Output Valtage: ' - 1051 5 | 495 Ta05 | s -1 ™
\ High-Level, 179 17 1p | 995 995 | 10 - -
YoM T T 14.95 14.95] 15 | - %
{ Input Low (05457 - 175 T 15 -1 - Ths H
| Voltage, (L9 [ - Thal 3 - | = 3
| it M (15135 - 115 | il MR N
“Input High T0545] - 1 s | s s [ = | = ilikizieh 18
T LOAD CAPACITANCE IC, ) —p? (LN
‘ Voltage, ! "9 ] - ] 19 ! I ! — — Fig.- 8 ~ Typicel transition time as » function of
ig. 9 ~ s ans$1L100 01
l ViH Min. 1.5 13 5 r' 15 | " ] N ! - \[ ” toad capacitance.
T,
tnput Current [ - loue) 18 l 0.1 I o1l n | n |- [se sTo1]
IN X j | ! ) ‘ [ | |

O 10 20 30 40 50 €0 70 80O 90 QO 108

91- 99

68 - %
.J. AT .L'L .4; (23123 mia) 12236-2 430}

n l.l.r.i
LH .

e e
20_1“11{ _1_n111

! i'l*gu
lO-r-‘ AR
o.mﬂmmﬂ; s N v ’ |
e 10 ! . ) L._ a0 i
(0102-0254) — 102-0 234}
‘ T 62 Rron ™ - R AT ——

92CM-330869%

(w3040

Dimensions and Pad Layout for COJ0248H.

Demension; end Pad Layout for COI0208M Dimensions and The protographs ana d:mensons of sach CMOS chp
pad layout for COI0408H ere igentical 1001@30NT & CNID when 1113 Dart OF the waler when the
waisc 11 BOPAIIGT 10 INGividull Chipa. the angie of

CioavaQe ™Ay vary with re100C! (0 the chip tace for
O:mens.ons in parentheses are 1n Milimeters and d:lterent chips The acivel a-menyons ol the scisfed

ar¢ gerwved Irom the bas.c «nch dimeniions as in chic (herelore, may Oiffer stgatly fiom the nomina!
dicated  Grid gradudtions are in mug (10-3 ,neh) dimensions 3hown The usersno.iaconsideratoerance

of =3 mus 10 +16 mia app-a0I8 10 the naminal
da:mensons shown

{
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: CD4020B, CD4024B, CD4040B Types
Vv DYNAMIC ELECTRICAL CHARACTERISTICS at T = 25°C, Input t,, t¢ = 20 ns, o Jmvenr reuremntont 1250 cwl i'i 1 I § : i
" - - b folss
‘ Cy =50 pF, Ay, 200 k2 2 H b nsace ?11_"
3 T it
b LIMITS P T
{ CHARACTERISTIC TEST Vbo UNITS| £ sihs
] CONDITIONS | (V) | Min. | Typ. | Max. g 8
L Input-Pulse Operation o ] : esss
. R =1
o tion Dalay Time, 1 s T - | 180 [ 360 & i it ,
! T - i v R Seed ot
] mgjg(a)u?r‘ t::t t::er‘q i 0 [ - g0_1 160 ns B e e e ol
' ‘ - : I R R I D R T et
! ' 15 65 | 130 AR A
9 - 100 200 e £ Loancaratitance «‘a;-, Toeco-sovee
- QtoQ,+1; o 10 _ 40 80 ns Fig. 10 - Typical propagetion delsy time a1 8
- - 1PHL. tPLH 5 0 50 function of load capacitance
- - f$10Qy)
i Transition Time 5 - 100 200 r
. ’ 1] amnitny vunuuul( 114 18°C - |
10 - 50 100 " —
f‘ ITHL 1TLH ns . JIH i
[ 15 - 40 80 "d“ y .;A“ T
Mimimum { “;"m 5 - 70 | 140 £ s .
inimum Input-Pu S
| P 10 | - | 30 | 60 ns g . :
Width, lw 7 o
! 15 - 20 40 =°¢ e 3
o«
| | Bl . ﬂ R
[ . Input-Pulse Rise or Fall ‘ 10 Unlimited s Ot T n-"'_-'l—‘ i
Time, t,g. tg 15 N l —c vl | T i
» o YT
[M ] Pul 5 3.5 7 - 0 4;-"01 el -ulﬁa !C!o.l oﬂ‘
) 1 a:|'{;1::n::uf(- uise 10 8 16 —_ MHz INPUT PULIE FREQUINCT (191- 0N gycu-20nr
| ' Fig. 11 = Typical dynamic power dissipation s &
15 12 2 = * luy:c:on :I lnplutppuvl':’o'h’tq:unéy for
( input Capacitance, Cy Any Input - 5 7.5 pF €bé0208.
| Reset Operation 200
s ]
‘ , 5 | - [ 140 [ 280 N v
: Prorgahon Delay ‘ o T = %0 120 ns .
| ime, IPHL : Ly ¢ 1
! {15 | - 50 | 100 e t i He ol
f s poin FA
' Minimum Reset Pulse 5 — 100 | 200 e—* MCW
10 - 40 80 ns e ® 12 e
Width, w . ;Itl. . " L
i 15 - 30 60 —~—He—{ 7 10 1o
f . * Hty
5 @ = 175 350 -
| Reset Removal Time, T
\ tREM 10 - 7% 150 ns - R
j 15 ' - 50 100 Fig. 12 — Dynamic power dissipation test circuit

for CD40208.

;‘ o

Yoo
Yoo
\_l’%lr__‘ INPUTS ‘_’}_.u',u" m~-eUTS
o ~NOTE
. !
I

A4
s | \,_. :-‘-4 \_@. “EASURE INPUTS
7 M r. - SCQUINTIALLY,
i - vss - 10 80TH Vpg AND Vg
| -— CONNECT ALL UWSED
#UTS TO LITHER
wore T veoonves
v TEST ANY COMBINATION
oo > OF INPUTS vss
N0 -FTeq 0 sCy 2repd

vy aresia
Fig. 13 — Quiescent device
current test circuit, Fig. 14 ~ 'npu) voltage test I uits. Fig 15 = Input current test circurt,
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CD4078B Types
Features:
® Medium-Speed Operation:
tPHL, tPLH * 75 ns {typ.) at VDO = 10V
- ® Buffered inputs and output PR
CMOS 8 InPUt ¥ 5.V, 10-V, and 15-V parametric ratings . :
NOR/OR Gate » Standardized symmetrical output characteristics o
) . ® 100% tested for quiescent current at 20 V o
High-Voltage Types (20-Volt Rating) ® Maximum input current of 1 uA at 18 V .
over full package-temperature rangs: ’G P o AT
The RCA-CD40788 NOR/OR Gate provides 100 nA at 18 V and 25°C . ararBCinig e
the system designer with direct implementa- ® Noise margin {over full package temperature Yoo+ 14
tion ot the positive-logic B-input NOR and range): 1VatVpp =5V o
OR functions and supplements the existing 2VatvVpp=10V 25VatVpp~15V i1}
family of CMOS, gates. ® Meets all requiraments of JEDEC Tantative ey herm
The CD4078B types are supplied in 14-lead Standard No. 13A, 'Standard Specifications
dual-in-line ceramic packages (D and F sut- for Description of '8’ Series CMOS Devices™”
tixes), 14-lead dual-in-line plastic packages FUNCTIONAL DIAGRAM

(E suffix), 14-lead ceramic tlat packages (K
suffix), and inchip form (H sufhix).

MAXIMUM RATINGS, Absolute-Maximum Values:
DC SUPPLY-VOLTAGE RANGE. IVpp)
{Voltages referenced to Vgg Terminal)

. ~06510+20V
INPUT VOLTAGE RANGE, ALL INPUTS . =0.5t0 Vpp +0.5V
OC INPUT CURRENT, ANY ONE INPUT 30 mA

POWER DISSIPATION PER PACKAGE (Pph: .
For Tp = —40 to +60°C (PACKAGE TYPEE) . . . . . . 500mwW
For T = +60 1o +85°C (PACKAGE YYPE E) . . Derate Linearly at 12 mW/°C to 200 mW
For Ta = -55to +100*C (PACKAGE TYPES O, F, K) . 500 mW
For Ta = +100 to +125°C (PACKAGE TYPES O, F, K) Dcvm Lmnrlv n |2 mwl°c 10 200 MW

DEVICE DISSIPATION PER OUTPUT TRANSISTOR
FOR Ta » FULL PACKAGE.TEMPERATURE RANGE (A1l Package Typss) . . . . . 100mwW

OPERATING-TEMPERATURE RANGE ITA)

PACKAGE TYPES D, F, K. H -55 to +125°C

- 40 1o +65°C
—65 10 +150°C

PACKAGE TYPE E .
STORAGE TEMPERATURE RANGE (Tugl
LEAD TEMPERATURE (DURING SOLDERING)

At distance 1/16 £ 132 inch (1.59 £ 0.79 mml from case for 10 s max. . . . L +265°C
L3
RECOMMENDED
OPERATING CONDITIONS []

For maximum rehability, nominal operating
conditions should be selected 10 that operation
is always within the following ranges:

1
CHARACTERISTIC  Min. \Max |Unm

—_—

IFor T Full Package
Temperature Range)

|
1
Supply Voltage Range I I i

3 |8

| ..@_Do__] - e
Fig. 1 = Logic diagram.

DYNAMIC ELECTRICAL CHARACTERISTICS
At T, =25Cinputt, ty=20ns.C, =500F, R ~ 200k

T I

restconomons | AL Tvees |
CHARACTERISTIC r ' {UNITS |

| LV ]
; : )P0 o Tve. max | |
. i VOLTS ' \ »__‘__{
{ Propagation Delay Time, : I 5 ! 150 ‘ 300 aa |
! .‘PHL: tPLH ) B ¢ ‘ 75 ; 150 i ns "
! ' .ot 55 10 !
. ) K 100 200 ]
! Transition Time, i IRTe 50 100 ns l
! ITHL. TTLH | L s 40 0 !
L Input Capacitance, Ciy T any Input ] 5 75 L pF J

Auunvuvunmn‘nou'c [T

R
R
? IR
RIEHIRL fhf‘?r:u: i T

3
readid

2ot S
Al ;f‘

GUIPUT LOW (3R] CURRENT (16, ) —md
-

wamuple g y;
A

E) < E
DRAIN-TO-SOURCE OLTAGL tvpg) =¥

CHNTINYT

Fig. 2 ~ Typical output low {snk ) current

characteristics.
ada ENT YOWPCRATURE TTp1+18 ¢ THOPT TR
. i3aasnsss:
T sttt SR AR R
1 ST I
1
-
=
4
b
&
s '
: ,"z:
z 1483 T
[ 2 r st =
it ifighzn i ~:;:$~,r f13ssactaates

Ml.n T0- lWlE( VOLTAGL lvoll-v
ISy

Fig. 3 — Minimum output low (snk)
current characteristics.
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Fig. 4 — Typical output high (source) current
characteristics,
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CD4078B Types

OAAWE-TO-SQUACE VOLTAML (vpg)—V

STATIC ELECTRICAL CHARACTERISTICS

*(y( [ﬁtﬁ(qnvml“l’l.vn‘cé%}‘},‘:}}}’lf 22! ’ﬁ
(@ [ | LiMITS AT INDICATED TEMPERATURES (9C) RS L ke 1
: CONDITIONS | Values al =S5, +25, 7125 Apply to D, F, K, H Packages !lfi h gi‘: : 15
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E. Multiplexing Circuitry

h This appendix gives a design for multiplexing curcuit so
the half multiplexed AFIT electrode array can be used. At
present a fully working multiplexed 16 X 16 array has not
F been produced. However, a partially multiplexed version

, (rows on each column are multiplexed) has been produced and

fully tested for functionality. To ultilize the partially
multiplexed array with the system developed in this thesis,
the column outputs must be multiplexed and a sync pulse must
be generated. The system designed to accomplish this is
shown in Figure E.l1. The design uses a 7 bit binary counter
to sequence through a 16 channel multiplexer chip. The
circuit reads electrodes across a row by sampling each
column, then the array clock is incremented and the next row

is read. A sync pulse high is generated when the 0 electrode

position is selected and is otherwise low.
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F. Miniaturization Considerations

Overview

To use the design presented 1in this thesis, the
telemetry link must be scalable td allow implantation within
a rhesus monkey. To do so requires the use of thick film
hybrid c¢ircuit 1layout techniques. Also the problem of
biocompatibility must be addressed in both the acceptability
of the implant to the host and the ability of the circuit to
operate in a harsh environment. Finally, scalable designs
must be examined for total system integrity, the ability to
operate as designed due to placement, and relative position
of individual subsystems in the body. This appendix will
describe the necessary considerations for scaling and present

useful material to fulfill the design.

Subsystem Placement

To solve the problems noted in the design of internal
amplification, FM modulation and support functions, it 1is
necessary to determine proper placement of each subsystem to
provide optimum performance of the system. Power supply
components, due to their large size and requirement to be
close to the skin for inductive coupling, should be placed in
the chest cavity. Also the FM modulator circuitry should be

placed in the chest cavity in close proximity to the power

supply inductive coupling coil to ease implantation and allow

the use of the same positioning for coil alignment of both
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the powering coil and the FM receiving coil. The array
clocking oscillator should be placed as close to the array as
possible to prevent the coupling of the oscillator to the
inputs of the differential PAM amplifier. Likewise, the
amplifier for the PAM signal shoﬁld be placed close to the
array to prevent long leads from generating very large common
mode signals and noise in the differential mode signals.
Since the sync signal is produced at the electrode array, the
sync encoding should also be placed near the electrode array.
A proposed system includes a thick film circuit with the
amplifier, sync encoder, and the clocking oscillator on a
single substrate which can be implanted where the skull is
removed to provide access for the electrode array. Another
possibility would place the thick film circuit between the
skull and the skin allowing a slight bulge in the head there.
The signals from the array; multiplexed output, sync, and
reference electrode can be wired to the hybrid circuit with
very short runs while less sensitive signals 1like the
modulating signal and power supply lines will run down the
neck and into the chest cavity where it will join the power
supply and modulator. Size requirements in the chest cavity
are less critical so power supply and modulator circuits can
be placed on small scale printed circuit boards and enclosed
with the batteries for implantation. If needed, the
multiplexer circuit of Appendix E can be placed on t! - same
thick film as the amplifier, sync encoder, and clocking

nscillator. If the design becomes to bulky for implantation
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in the head the amplifier, clocking oscillator, sync encoder
and possibly row multiplexer thick film circuit can be moved
to the power supply. This is not advantageous because long
wire runs to the electrode array promote noise and coupling

between signals

Thick Film Circuit

The realization of a thick film circuit for implantable
circuits requires small size, good circuit stability in a
hostile environment and hermetic sealing to prevent moisture
and ion degradation (41:26). Integrated circuit used in the
design should be either the bare chip or a leadless chip
carriers. The leadless chip carrier is preferred because the
package provides a hermetical seal, but at the expense of
area used on the thick film substrate. All circuits used in
the design are available in either bare chip or leadless chip
carrier as stated by the data sheets, however lead times may
be severe. The substrate used to make the thick film circuit
is wusually alumina which provides good structural rigidity.
Conductor and resistor patterns are printed directly onto the
substrate as pastes applied by screen printing methods.
Conductors are pastes made of precious metals in an organic
binder while resistor pastes are mixtures of conductor and
glass in a similar binder (42:194). Resistances range easily
from 1 ohm to 10 megohms using thick film, however,
tolerances of only + or - 10% can be achieved. Since the

design requires precision resistances and fairly high
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resistances, it is recommended that cermet chip resistcrs be
used 1in series with small trimable thick film resistors.
High precision resistors used in the PAM amplifier are
commonly available in 1% tolerances. Trimming of resistors
can add to the common mode rejeétion so the design should
incorporate trimable resistors in the first and second stages
of the PAM amplifier. Variable resistors also can be
achieved by trimming once suitable starting resistances are
known. Thick film capacitors are only good for small values,

so discrete ceramic chip capacitors should be used in the
design. Simple reflow soldering provides adequate electrical
connections to the thick film conducting patterns for
discrete components and leadless chip carriers while wire

bonding gives good results for unpackaged integrated

L))

circuits. Connections out of the thick film packaging to the
array and power supply are made by drilling holes through the
alumina substrate and passing stainless steel wires through

the holes. Glass pastes fill in the voids left in the holes

and provide a hermetic seal to the outside when fired

(41:32). J

]

) To prevent moisture and ion damage to the thick film |
circuit, passivation methods must be used on the circuit

before the package is hermetically sealed. Glass dielectric ;

overglazes on the thick film circuits with opening for ]
connections provides suitable protection for thick film

conductors and trimmed resistors (43:40). IC's should then %

be put in place and interconnection made to thick conductors.
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Two component epoxy resins, mixed under partial vacuum in a
low humidity nitrogen saturated atmosphere are applied to
IC's and allowed to cure (41:31-32). An ion barrier layer of
polyimide is then placed over the previously cured epoxy, and
i1t is cured. Special care must bé taken to insure openings
for discrete component connections are kept open. Discrete
components are then reflow soldered tce the conductor patterns
and an epoxy over coat applied to the entire component side
of the circuit. Passivation and ion barriers are complete
and the circuit is ready for hermetic sealing.

Hermetical sealing of the package 1is necessary to
inhibit the penetration of fluid into the device. Techniques
include total encapsulation in glass, box 1like containers
using stainless steel or titanium, dipping in polymers, and
covers using the alumina substrate for the backing. For ease
of use, the latter will be described. A cover is
manufactured out of gold to fit snugly over the components so
the sides extend down beyond the bottom of the substrate. A
hole 1is placed in the cover to allow back filling of inert
helium gas 1in to the sealed unit and will be soldered
(Pb-Sn-Ag) shut once the helium is present. The bottom is
sealed by soldering a fillet in between the gold cover and a
Pt-Au metalization which was placed on the bottom of the
substrave before thick film processing (44:401) . This
provides a suitable hermetic seal and a good foundation to

make the units biccompatible.
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Biocompatibility

Biocompatibility allows the implant to be accepted by
surrounding tissue and provides no contaminates or tissue
damage from materials or shapes. Previous efforts have used
a full assortment of biocompatibie encapsulents including
waxes, plastics, epoxies, and polymers but none have proved
as useful as the silicon rubber. Silicon rubber provides
some very good characteristics for an insulative encapsulent.
First silicon rubber has been used subdermally for many years
with only minimal reaction from the surrounding tissue
(45:34). This provides a good biological foundation for the
implanted device by allowing no defense mechanisms to disrupt
the normal function. Secondly, the silicon rubber does allow
limited water vapor penetration. The amount of penetration
is low enough that insulating capabilities are preserved and
failure does not occur due to interlead current paths. Here
the importance 1is to make sure the encapsulent forms a tight
adhesion to the 1leads and package. Vvoids formed by poor
adhesion form shunt current paths which result in
implantation failure (46:219). Silicon rubber has good
adhesion characteristics, and with wetting agents and clean
binding surfaces a good seal is assured. Void generation
within the silicon rubber can cause problems, so rubber
curing should be done in a 1light wvacuum so aeration can
occur. Objects that are sealed this way should have smooth

edges and avoid concave surfaces. This is because skrinkage

occurs upon curing.
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Once properly encapsulated the site of implantation must
be carefully selected to keep the implant stationary and not
cause damage while allowing proper operation. Receiving and
transmission coils must be at the surface while battery pack
and transmission circuitry are pléced with the chest cavity
affixed to a bone to prevent movement. Brain circuitry

placement requires light pressure of the array on the brain

surface while the amplifier and oscillator placement 1is
outside of the skull or takes the place of the skull making
sure not to exert any pressure on the brain. Teflon coated
stainless steel wire used for interconnections should run
just under skin from the brain to the transmitter unit andg
penetrate the chest cavity just at the point of where the
implant is. At all times routing and placement must conform
with the need for unrestrained natural functioning of the
host. The circuit <can be implanted and used over a period
of several years before requiring surgery for replacement and
overhaul. At the time of replacement, the previously
implanted device should be analyzed to determine cause of
failure and the knowledge used to generate better implantable

devices.
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